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Abstract
Despite extensive research, the behaviour of phosphorus (P) in soils, a crucial element in plant production,
is not yet fully understood. This study focussed on one of the outstanding issues, the co-adsorption of
protons with phosphate in soils. Previous work on the co-adsorption of protons with P (as H2PO4-) on
goethite observed an accumulation of solution acidity from a sub-stoichiometric H+:P sorption ratio. If
these results also occur in soils, this could lead to accelerated acidification and present a significant
challenge for sustainable agriculture. This highlights the need for congruent H+:P co-adsorption analyses
to be undertaken for soils. This study investigated whether similar results occurred with the adsorption of
orthophosphate on six Australian soil samples of varying phosphorus binding capacities and
mineralogies.
Considerable effort was invested in the development of a widely applicable laboratory method to quantify
the soil H+:P sorption coefficient as part of the study. The method functioned by separately measuring the
molar quantities of protons and phosphorus lost from a soil suspension when spiked with a range of
initial P concentrations (as KH2PO4). Using this procedure it was found that H2PO4- sorption followed an
apparent 2:1 ratio (2 protons adsorbed for each unit of P) for the majority of soil samples (average
deviation from 2:1 = ± 5.8%). This the first time such measurements have been completed on soils. No
significant pH change was measured in the soil suspensions post P addition and equilibration. Past P
adsorption data on the same soils (supplied by NSW DPI) yielded similar co-adsorption results. Trials of
the developed method on goethite were able to replicate a highly linear P-dependent pH decrease (r2 =
0.996) and a H+:P co-adsorption coefficient significantly less than 2:1 (P < 0.01), consistent with previous
literature. To clarify whether ion exchange contributes to the observed H+:P sorption ratio, supernatants
were analysed for major cations (Na+, Ca2+, Mg2+) and SO42-, but the results were inconclusive,
predominantly due to a small sample size.
The implications of H+:P sorption ratio for long term pH stability of soils with P fertilisation are immense
and an area where future research on the topic is required. Clarification is also needed on whether the
sorption ratio of commercial P fertilisers will mimic laboratory KH2PO4 behaviour, and if the same proton
ratio holds true under field conditions.
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ABSTRACT
Despite extensive research, the behaviour of phosphorus (P) in soils, a crucial element in plant
production, is not yet fully understood. This study focussed on one of the outstanding issues,
the co-adsorption of protons with phosphate in soils. Previous work on the co-adsorption of
protons with P (as H2PO4-) on goethite observed an accumulation of solution acidity from a substoichiometric H+:P sorption ratio. If these results also occur in soils, this could lead to
accelerated acidification and present a significant challenge for sustainable agriculture. This
highlights the need for congruent H+:P co-adsorption analyses to be undertaken for soils. This
study investigated whether similar results occurred with the adsorption of orthophosphate on
six Australian soil samples of varying phosphorus binding capacities and mineralogies.

Considerable effort was invested in the development of a widely applicable laboratory method
to quantify the soil H+:P sorption coefficient as part of the study. The method functioned by
separately measuring the molar quantities of protons and phosphorus lost from a soil
suspension when spiked with a range of initial P concentrations (as KH2PO4). Using this
procedure it was found that H2PO4- sorption followed an apparent 2:1 ratio (2 protons adsorbed
for each unit of P) for the majority of soil samples (average deviation from 2:1 = ± 5.8%). This
the first time such measurements have been completed on soils. No significant pH change was
measured in the soil suspensions post P addition and equilibration. Past P adsorption data on
the same soils (supplied by NSW DPI) yielded similar co-adsorption results. Trials of the
developed method on goethite were able to replicate a highly linear P-dependent pH decrease
(r2 = 0.996) and a H+:P co-adsorption coefficient significantly less than 2:1 (P < 0.01), consistent
with previous literature. To clarify whether ion exchange contributes to the observed H+:P
sorption ratio, supernatants were analysed for major cations (Na+, Ca2+, Mg2+) and SO42-, but
the results were inconclusive, predominantly due to a small sample size.
The implications of H+:P sorption ratio for long term pH stability of soils with P fertilisation are
immense and an area where future research on the topic is required. Clarification is also
needed on whether the sorption ratio of commercial P fertilisers will mimic laboratory KH2PO4
behaviour, and if the same proton ratio holds true under field conditions.
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Introduction

CHAPTER 1- INTRODUCTION
1.1 BACKGROUND
The rapid and continuing demand for resources required to maintain the
anthropogenic world has brought with it abundant environmental issues which must
inevitably be tackled to foster a sustainable future. Particularly, the steady growth in
world population, and associated rises in food demand have resulted in considerable
pressure being placed upon agricultural practices globally to ensure that crop yields
are sufficient to support the increasing number of consumers (Elser 2012).

The bioavailable nutrient concentration of a soil is one of the crucial factors governing
its agricultural productivity. In their natural state, Australian soils are heavily
weathered due to their age and climate (Doolette et al 2011), and are comparatively
deficient in nutrients to that of other continents. Australian soil fertility has been
greatly improved through the implementation of extensive fertiliser regimes (Ryan
2010). While plant nutrition involves several major elements such as nitrogen (N),
phosphorus (P) and potassium (K), as well as more minor species (calcium (Ca),
magnesium (Mg), sulfur (S) etc.) (Wild 1988), this project will focus on the dynamics of
P within soils.

On an annual basis, as much as 4 million tonnes of fertiliser have been applied on
agricultural land in Australia in a variety of solid or liquid forms (Ryan 2010). Inorganic
phosphorus (P) salts commonly comprise a significant part of these chemical additives,
as P is an essential element for plant structural development and cellular processes
(Rennenberg and Herschbach 2013). Phosphorus stimulates vigorous growth in plants,
and early maturation. When it is deficient, plants display stunted growth, poor leaf
emergence, malformed shoots and tillers, as well as greatly decreased yields (Li et al
2009). For example, when no P was applied to deficient soil, Elliott et al (1997)
reported yield decreases of up to 69% within four weeks of sowing spring wheat.
Phosphorus has been recognised to assume a variety of chemical forms in soils, which
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influences its utilisation by plants and movement within terrestrial ecosystems.
Dissolved inorganic P is the predominant bioavailable form, present as the
orthophosphate (PO43-) species with varying degrees of protonation dependent upon
solution pH (vanLoon and Duffy 2010) (see section 2.2.3). This form of phosphorus
occurs in low concentrations in soil, constituting approximately 0.01% of the total P
(Maiti 2012). Soil P more typically exists in organic matter, incorporated within mineral
lattices, or adsorbed on the surface of soil particles (Greenland and Hayes 1978).

Surface bound phosphorus arises from the high affinity for P exhibited by common soil
components, especially clay minerals including metal oxyhydroxide species (eg.
goethite, gibbsite and ferrihydrite) and aluminosilicate species (eg. kaolinite, smectite)
(Sposito 2008; Buol 2011). These soil constituents actively bind free soluble P on their
surfaces. This allows soil particles to act as a sink of P, the efficacy of which is
dependent upon the quantity of available surface sites.

1.2 ENVIRONMENTAL ISSUES RELATING TO PHOSPHORUS USE IN AGRICULTURE
The implementation of effective management strategies is critical to the success of
fertiliser usage in agriculture. If fertilisers are over-applied, this represents a wasted
resource that can confer significant economic losses to farms. In addition, excess
soluble P from the extensive use of fertilisers can be lost to nearby creeks, rivers and
lakes in rainfall runoff (Jiao et al 2011). The disturbed nature of agricultural areas from
widespread land clearance and ploughing exacerbates this form of P movement (Jiao
et al 2011).

Freshwater body phosphate concentrations are naturally limiting to the growth of
algae and other aquatic autotrophs, and a sudden input of excessive soluble P leads to
the flourishing growth of these species, which is termed eutrophication (Correll 1998).
This is an extremely important environmental issue, as it is associated with dramatic
declines in water quality, food web disturbances and a simplification of aquatic
biodiversity (Rabalais et al 2009). Algal blooms can occur to such an extent that
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irrigation equipment and pump intakes become clogged (vanLoon and Duffy 2010), as
well as produce poor aesthetics and unpleasant odours which greatly limits water body
recreational value (Hynes et al 2009). Certain species of algae also produce toxins
which present a risk to human health, which is of great concern for the safety of
drinking water supplies (Dorgham 2014).

Eutrophication is a widespread challenge which affects many nations globally. Within
the USA alone, economic damage attributed to eutrophication has been estimated at
$US 2.2 billion annually (Dodds et al 2009), though this does not include non-monetary
costs such as loss of species. The annual economic losses from algal blooms in Australia
are believed to be $180-240 million, with occurrences predominantly confined to
coastal environments (Atech 2000) as well as agriculturally significant rivers such as
the Murray-Darling (Davis and Koop 2006). Algal blooms in Australia are also believed
to endanger world heritage habitats such as the Great Barrier Reef (Brodie et al 2011).

In order to control the prevalence of eutrophication, it has been identified that it is
necessary to approach the issue of nutrient loading at the various sources- which is
predominantly chemical fertilisers. The application of P fertilisers operates on an
important balancing act, between ensuring sufficient crop yield and minimising
environmental impact. To ensure efficient use, it is vital to understand the chemical
processes governing the behaviour of fertiliser components within the soil-plant
system, and their interactions with physical and biological processes.

1.3 PHOSPHORUS STUDIES
Despite intensive research across multiple disciplines, many aspects of P behaviour in
natural systems are not fully understood. The heavily nutrient depleted state of soils in
Australia has resulted in high fertiliser usage per hectare to rectify the deficiencies.
The state of NSW in particular comprises approximately one quarter of the continent's
gross agriculture value, and is a key area of meat, grain and dairy production (Wales
2012). The annual additions of phosphorus to agricultural soils in Australia have
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increased dramatically since the 1950s, and are now in a steady state varying in
seasonal fluctuations (McLaughlin et al 2013). It is important to note that for most
agricultural soils, the inputs of P through fertilisers exceeded the annual removal of P,
creating a positive net balance of P and accumulating P in the soil and increasing
soluble P lost to surface waters (Weaver and Wong 2011).

While many factors play a role in governing the amount of P lost from the soil-plant
system, and indeed efficiency of applied fertiliser, the P adsorption capacities of the
soil is one of the most important. This property describes the ability of a soil to remove
soluble P from the soil solution and retain it in a bound condition on the surfaces of
soil components.

The majority of studies on the adsorption of phosphorus have tended towards
understanding sorption capacities across varying soil properties (Börling et al 2001;
Nwoke et al 2003; Herlihy and McGrath 2007; Fink et al 2014), the effect of OM (Yu et
al 2013) and using isotherm equations to create models which accurately quantify the
process (Carlson-Perret 2012).

As of present, no studies explore the associated proton coadsorption with phosphorus
in soils. It has been observed on pure goethite that a pH decrease occurred directly
associated with the quantity of added P, due to a mixture of mono- and bi- protonated
surface P-Fe complexes existing (Rahnemaie et al 2007). Experimental analysis of H+:P
coadsorption for soils is an important knowledge gap in the scientific understanding of
phosphorus behaviour. It is not fully known whether inorganic P additions to soils from
certain types of fertilisers may change the pH of soil over time. However, it is believed
from previous field trials that non-nitrogenous P fertilisers, such as superphosphate
produce no direct effect on soil pH (Schumann 1999).

Soil pH is an extremely important property of soils agriculturally, and must be carefully
maintained through proper management and appropriate liming to ensure that the
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desired pH ranges for planted crops are met (Fisher et al 2012). Crop yields can
decrease dramatically following deviations in soil pH from the plant optimum ranges
(Pagani and Mallarino 2012).

Soil pH also plays an important role in the determining the capacity of soils to adsorb
phosphorus, and it is not known whether a change in soil pH if present, will affect the
future soil P adsorption potential. A lowering of the P adsorption capacity reduces the
soil fixation of P from fertiliser allowing it to be lost from surface waters (vanLoon and
Duffy 2010). This results in greater P loading and potential water quality degradation
of the receiving water bodies.

1.4 PROJECT SYNOPSIS
This research project aims to investigate the ratio of coadsorption (or cosorption)
between protons (H+) and phosphorus (P) for the species H2PO4- in six different soils
from long term pastures in regional NSW and SA. In order to achieve this, development
of the supporting laboratory methodology was also required, given a lack of scientific
studies existing for proton-phosphate interaction dynamics for soils. This research
further explores some of the key findings in Rahnemaie et al (2007), particularly their
observation that H+:P coadsorption ratios of H2PO4 for goethite were 1.6:1 at pH 3.98.
This is less than the H:P stoichiometric ratio for the H2PO4- ion itself of 2:1.

Consequently, the adsorption of phosphorus on this mineral produces excess protons
over time, increasing the acidity of the surrounding solution. The importance of this
study then lies in discerning whether such a phenomenon is observed in soils, rather
than solely for pure clay minerals, and hence ascertaining the consequent implications
regarding fertiliser use and long term management of agricultural land.
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Both the chemical complexity and biological activity in soils present challenges in
producing experimentally valid data. A significant portion of this study was dedicated
to the development and subsequent optimisation of the experimentation
methodology used to quantify H+:P coadsorption ratios, and is discussed in detail in
section 3.3. The finalised experimental methods were then applied to the pasture soil
samples, which had undergone varying degrees of P fertiliser pre-treatments. This
research project also explores other factors impacting P adsorption, including an
evaluation of the effects of carbonate and organic matter in competitive binding.

1.5 PROJECT OBJECTIVES
The specific objectives of this study were to:


Develop an experimental method for accurately measuring the ratio of proton
coadsorption with added P in soils;



Perform the established method on multiple soil samples gathered in Australia
that are representative of a variety of soil properties;



Complement the coadsorption testing results with measurements of dissolved
organic carbon to assess the presence of any extra effects influencing P
adsorption through competitive binding;



Combine this primary data with previous P sorption data gathered by NSW DPI
to make a synthesised evaluation on the proton dynamics in soils with added P;



Derive the potential implications from the data for soil P sorption capacities
and future acidity, associated with long term agricultural activities;



Produce an assessment of management strategies which can be implemented
to overcome potential land degradation and phosphorus contamination of
waterways.
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1.6 THESIS STRUCTURE
This first introductory chapter has established the general project background and the
necessity for this research, as well as summarised the overall objectives. Chapter 2
reviews the current scientific understanding of areas of central importance to the
topic, including the chemistry of soil surfaces and P adsorption.

Method development comprised a highly significant proportion of the project, and the
sequential trials which governed this process are documented within the Materials and
Methods section (Chapter 3). A description of the various soil samples studied, as well
as the laboratory analyses, chemical reagents and equipment is also detailed in this
chapter. Chapter 4 presents and discusses the results obtained, outlines the key
trends, and then links this to previous correlations from comparable academic
literature. Chapter 5 presents the overall conclusions that have been made from the
study, and provides recommendations for future research.
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CHAPTER 2- LITERATURE REVIEW
The purpose of this chapter is to discuss past literature studies in order to establish
relevant background knowledge pertaining to the chemistry of soil surface processes
and phosphorus in nature. The physical characteristics of soils are initially outlined,
followed by a review of the behaviour and significance of P in the environment. The
role of surface charge on soil clay fractions in facilitating ion exchange and adsorption
processes is then discussed. Lastly, the challenges posed by soils for laboratory
sorption studies are presented with a particular emphasis on the influence of soil
microbiology.

2.1 INTRODUCTION TO SOILS
2.1.1 SIGNIFICANCE OF SOILS
Soils are the nourishing foundations in which crops grow, and an important habitat for
terrestrial organisms. They are essential to mankind, providing a source of food, fibre
and building materials, plus forming the medium where the recycling of essential
elements for life (C, N and P) can take place (Greenland and Hayes 1978; vanLoon and
Duffy 2010).

The buffering potential of soils to disturbances (such as acidity and toxic metals) is
critical to maintaining stable conditions for plants (Greenland and Hayes 1978). Until
the buffering capacity of the soil is reached, they can continue to resist the impact of
seemingly large inputs of these species which would otherwise be harmful; through
ion exchange processes facilitated by charged surfaces on clay sized particles (see
section 2.4.1). Once the buffering capacity is exceeded, however, dramatic changes to
the surface chemistry can result in large amounts of protons, metals, or anions
becoming released into solution. For example, the frequent long-term application of
fertilisers in some agricultural areas has saturated soils with P to the extent that new
additions are no longer adsorbed, and instead lost to surface waters, potentially
degrading receiving water bodies (Fulweiler 2012; Stewart et al 2013) and sometimes
even groundwater (Jalali 2009). With the plethora of natural resources available to
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man, it is important soils are utilised in a sustainable manner, and to do this requires
sound scientific understanding.

2.1.2 NATURE OF SOILS
In order to fully appreciate the complex chemistry pertaining to individual soils, the
various comprising fractions and the processes which form them must be understood.
Soils are a composite matrix, encompassing mineral components, organic matter,
liquid and gaseous phases, and microbiological communities; these together sustain
terrestrial ecosystems and allow cycling of elements and water (Greenland and Hayes
1978). The nature of soil fractions is governed strongly by various soil forming factors,
originally identified collectively in Jenny (1941) (Equation 1). These factors control the
processes that lead to the development of the particular soil profile in any location.

s = ƒ(p, cl, t, r, o)

(1)

Where soils are a function of: p = parent material lithology, cl = surrounding climate,
t = time of development, r = relief, o = organisms

Factors such as fire (Certini 2014), as well as hydrology and human activities (Breemen
and Buurman 2002) have been included in more recent discussions of soil genesis.
Bockheim et al (2014) considered the integral role these factors and processes play in
the genesis, taxonomy and structure of soils. Within descriptions of soils, particularly in
field evaluations, three properties are typically referred to- colour, structure and
texture. Though readily apparent, colour is an important morphological property
studied in soil surveys, and gives meaningful indications about the characterisation of
soil types, including spodic or ferric soils (Thompson et al 2013). Soil colour can also be
used in the development of soil use and management ratings, when identifying aspects
such as the depth to seasonally saturated soil (Vepraskas 2001).

The way soil particles combine in the soil body is referred to the structure, and this
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term has a unique meaning for soils (Bronick and Lal 2005). It refers to the degree of
aggregation in soil particles into unique larger units with specific planes of weakness,
whether granular, blocky, columnar or platy in shape (see Fig 1) (McClellan 2007).
While no single certified technique is used to determine soil structure, a common field
diagnostic test is to pry out soil from the exposed profile and observe how it crumbles
(Buol et al 2011). It is also possible for soil to possess no structure, and either be
termed single grained. It is pertinent to note that two of the key binding agents for soil
structure, clay and organic matter, are also the main agents influencing the ion
exchange properties of soils.

Granular: Resembles fragments
usually less than 0.5cm in
diameter. Commonly found in
surface horizons where roots
have been growing.

Blocky: Irregular blocks that are Prismatic: Vertical columns of
typically 1.5 – 5.0cm in soil up to several cm long. Found
diameter.
normally in lower horizons

Columnar: Vertical columns of
soil that have a salt “cap” at the
top. Found in soils of arid
climates.

Platy: Thin, flat plates of soils
that lie horizontally, and are
usually found in compacted
soil.

Single Grained: Soil is broken into
individual particles that do no
stick together. Commonly found
in sandy soils.

Figure 1: Annotated illustrations of the six dominating types of soil structure (McClellan 2007)

Soil structure is a very important physical characteristic, often governing the nature of
plant root penetration, and the movement of water and air. The study of soils must
not be myopic in scope and focus solely on treating soil on chemical terms. Laboratory
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investigations of soils, such as those conducted in this study, commonly homogenise
the particle size of soil samples into finer fractions (<250 µm and <1 mm were used in
this study) (Carlson-Perret 2012). In doing this, the data obtained for analyses of
properties will not necessarily be representative of the same soil out in the field.
Grinding the soil breaks down aggregates and particles, and exposes new surfaces able
to participate in surface reactions (Buol et al 2011).

Soil is also frequently described by its texture, which refers to the specific proportions
of clay, silt and sand sized materials that comprise it (McClellan 2007). The clay
component is particularly important agriculturally, governing how soils respond to
fertiliser additions; this will be discussed in further detail other sections of this review.
For meaningful, general conclusions to be drawn from chemical experiments on soils, it
is vital that specific attributes - such as acidity, moisture content and organic matter
are used to classify soils to facilitate comparisons. The soil samples analysed in this
study were sourced wholly in Australia (see section 3.2), thus the Australian Soil
Classification scheme (Isbell 1996) will be used to describe the samples.

2.1.3 COMPLEXITY OF SOILS

The properties of soils, chemical constituents and biological activities therein, vary
considerably across geographies, resulting in a highly complicated matrix which
presents great challenges for research. The differences in soils among geographies are
so prevalent that many national soil classification schemes have been developed to
adequately accommodate the soils present within their region (Buol et al 2011).The
wide variety of soil properties occurring across continents poses an extra challenge for
researchers to produce universally applicable results on key soil processes such as
anion adsorption (Jiao et al 2008). Particularly, models of P sorption (Herlihy and
McGrath 2007) (Carlson-Perret 2012, pg 9), mechanisms (Wang and Li 2010) and the
interactions of organic matter (Hiradate and Uchida 2004; Guppy et al 2005) are not
well established. Without accurate, applicable models of P sorption, there has
consequently been an identified lack of models which accurately predict soil
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phosphate (P) fertiliser requirements for high yielding croplands. Nevertheless,
isotherm sorption models for P which are tailored to individual geographies have
experienced considerable success in describing these phenomena in particular soils
(Bilgili et al 2008; Wisawapipat et al 2009; Canon 2010, Carlson-Perret 2012).

Universal field models of soil phosphorus loss are also lacking, apart from some
notable exceptions. Bolster et al (2012) evaluated the effectiveness of the Annual P
Loss Evaluator model (APLE) in describing the P losses from Pennsylvania fields using
multiplicative and component calculations. For both cases, modest but statistically
significant correlations were found, and the imprecision amongst data was attributed
by the authors to intrinsic limitations in the variables used in the model.

Elmi et al (2012) found that when applying the HYDRUS-1D model of P loss,
comparisons of measured and predicted data yielded poor correlations. The authors
found that the model over-predicted P sorption, and suggested that it could not
adequately account for the structure of the soil, and how this affected the flow
dynamics within the soil columns. Insufficient control of the large number of variables
in soil studies is a recurring theme in model limitations, and arises in part due to the
complexity of soils. Understanding to what extent proton-phosphate co-sorption ratios
may affect the future sorption of P is a key element of this study.

2.2 BEHAVIOUR & CHEMISTRY OF PHOSPHORUS IN THE ENVIRONMENT
2.2.1 ROLE OF PHOSPHORUS
Phosphorus is an essential and often limiting nutrient for plants in soils, and assumes a
vital role in the health of terrestrial and aquatic ecosystems (vanLoon and Duffy 2010).
It is a core structural element in essential macromolecules for life (nucleic acids), as
well as being a component of the key metabolic compound adenosine triphosphate
(ATP) (Clabby 2010). The yield of crops is significantly influenced by the concentration
of plant available P. Plants require P in solution to be available for uptake, which is
present as the inorganic form orthophosphate.
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The role of P in crop production is important, agricultural science is a vast field of study
which identifies P as just one of many essential needs of plants. Soil nitrogen
concentrations (available as NH4+ and NO3- ), as well as trace metals including Fe, Mn,
Cu and Co also contribute to crop yields and quality (Crohn 2004), but are not the
focus of study here.

2.2.2 PHOSPHORUS CYCLING AND MANAGEMENT
The management of P, particularly in optimizing crop availability and minimising
losses, is one of the most important factors governing environmentally sound and high
yielding agriculture. Losses of P from the soil system occur predominantly through two
mechanisms. Surface runoff is the most prevalent, where excess precipitation moving
over the soil surface suspends particulate matter and dissolves leachable P (Wang et al
2013). Phosphorus is unevenly distributed in the soil profile, being heavily
concentrated near the soil surface which receives manure and fertiliser inputs. The
sediment eroded from topsoil is P rich, with total P concentrations as high as 27.5
mg.L-1 in runoff on fertilised land (Elliot et al 2005), with bioavailabilities of 7–50%
(Ballantine et al 2009).

The other P mobilisation mechanism is subsurface leaching, where infiltrating waters
exert vertical down loading of phosphorus (Wang et al 2013). However, in
circumstances where P applied to the soil surface is rapidly immobilised by sorption
onto clay-sized fractions and tightly bound, researchers consider this pathway for P
losses to be minor (Regan et al. 2010; Brennan et al. 2011). It is nonetheless important
for sandy soils (Sims et al 1998) and fine-textured soils with meandering macropores
(Djodjic et al 1999).

Losses of bioavailable P are of particular concern with fertilised croplands, as nutrientrich conditions can drive excessive autotrophic productivity. The excessive growth of
algae in water bodies is termed eutrophication, and has well documented harmful
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effects including decreased water quality, loss of habitat and biodiversity of higher
forms of life (Rabalais et al 2009). Eventual dissolved oxygen depletion also arises due
to the decomposition of algal material after the bloom has depleted the excess
nutrients (vanLoon and Duffy 2010).

It is important to consider eutrophication of deep, well-aerated terrestrial water
bodies as a natural process occurring on a geological time scale through the supply of
nutrients and sediment (Khan and Mohammad 2014). The vegetation species respond
accordingly, changing from aquatic to wetland and then terrestrial species. The
premature eutrophication that is rapidly induced by anthropogenic influences is what
is considered undesirable. Algal blooms associated with increased nutrient loading are
a prominent issue for Australia (and indeed globally), with the national annual costs to
Australia estimated between $AUD 180 to 240 million (Atech 2000) or even as high as
$AUD 350 million when including water quality harm from sediment inputs (Trewin
2003). The costs incurred originate from a range of sources, including drinking water
losses, harm to commercial fish and shellfish catches, and decreased recreational
value. Indeed, as it is estimated that 3.8– 4.3 million t of fertiliser was applied to land
in Australia between the 2007-2008 period (Ryan 2010), it is not only good
environmental practice but also financially advantageous to limit fertiliser loss as much
as possible.

For terrestrial waters, P is often the limiting nutrient for algal growth and must be
managed effectively to abate eutrophication events. Agriculture has a particularly
important role to play in the effective management of phosphorus, as through these
soil P loss mechanisms identified previously, croplands act as a large non-point
nutrient source. The potential for P output from agricultural soils into water bodies is
dependent on source, transport and management factors, given in Tables 1-3.
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Table 1: Factors influencing the potential for soils to act as a source of P, adapted from Rosen et al (2014)

Phosphorus Factor
Soil Test P
Organic Matter

Fertiliser Application
Soluble Manure P
Crop Residue P

Characteristics
Group of analyses (Bray P1, Mehlich 3, Olsen) that give
estimations of soil extractable P in kg.ha-1 (Sawyer 2008).
An important mediator in P adsorption, keeping available sites
constant through a range of soil equilibrium pH values
(Hiradate and Uchida 2004).
Factor including the timing, frequency and type of fertilizer
application to soils, P runoff losses are often directly correlated
(Wang et al 2013)
Where applicable, dictates the proportion of leachable P from
manure additions
Including both field (stalks, stubble, leaves) and process
residues (husks, seeds, bagasse), this factor describes amount
of P remaining on croplands after harvesting (Noack et al 2012)

Table 2: Factors affecting the transport of P from soils, adapted from Rosen et al (2014)

Phosphorus Factor
Erosion
Soil Properties
Hydrology
Irrigation

Characteristics
Potential for soil (typically topsoil) to be lost by wind and water
erosion, typically affected by vegetation cover, structure,
organic material and geography
Aspects such as soil mineralogy (particularly clay composition),
particle size, aggregation and moisture content
Factor including drainage and precipitation, where areas of
poor drainage and highly rainfall are likely to experience great P
losses from surface runoff
Frequency and intensity of use can affect P losses similar to
hydrological aspects.

Table 3: Example control methods used to manage agricultural phosphorus losses, adapted from Rosen et al
(2014)

Phosphorus Control
Cover Crops/Tillage
Vegetative Buffers
Sediment Basin

Tailwater Recovery

Characteristics
Use of surface cover crops and reduced or no-till practices to
protect P rich topsoil from erosion
Perimeter vegetative strips designed to catch sediment and
nutrients from surface runoff before entering waterways
Small embankment constructed perpendicular to areas of
concentrated flow within a field, designed to capture runoff
and reduce flow rate (MDA 2014).
Capture, storage and reuse of irrigation tailwater through
pickup ditches and sumps, minimising offsite losses of P rich
sediment (Carman, n.d.).
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Phosphorus loading in water bodies is often described as originating from two
potential sources. These are described as point or non-point sources. Point sources
include septic tank discharge, industrial activities (Palmer-Felgate et al 2010), and
diffuse, non-point sources including urban areas, croplands and forestry operations
(Wu et al 2012). Soil P losses are only one element of phosphorus movement. The
wider context of its movement and cycling is highlighted in the P cycle (Figure 2).

Figure 2: The soil phosphorus cycle (Pierzynski et al 2005)

Phosphorus naturally enters the soil P cycle through the weathering of P mineral
reserves (commonly apatite) (Guidry 2002) and atmospheric deposition (Tipping et al
2014). Soil solution P is immobilised by organisms when used to form macromolecules,
and is then returned to the soil solution through decomposition of biota by the action
of microbial communities (vanLoon and Duffy 2010). The harvesting of produce is an
important anthropogenic P loss from cropland soils (Rosen et al 2014), and in order to
sustain the intensive agriculture required to meet global food demands, chemical
fertilisers and crop residues are used as soil additives. This anthropogenic source of P
massively alters the nutrient budgets and very often results in a considerable increase
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of P outputs, especially to surface waters.

It is important to consider that the soil P losses are merely exacerbated by human
agricultural activity. Within isolated natural systems devoid of anthropogenic
influence, soil phosphorus losses still occur, but they are balanced by returning P
inputs. This forms an approximate equilibrium, where the total P in soil remains
relatively stable.

2.2.3 PHOSPHORUS STATES IN SOILS
When studying phosphate adsorption, it is important to consider that the aqueous
orthophosphate ion exhibits a stepwise equilibrium involving four different species,
dependent upon the solution pH (see Fig 3). At a pH of 4-5.5, where the pH values of
the soil sample suspensions investigated in this project lie, H2PO4-is the dominant
species in solution and is associated with a molar proton to P ratio of 2.0 : 1. As the pH
increases HPO42- and eventually PO43- become important in adsorption H:P
stoichiometry, however this is only relevant to the investigation of alkaline soils.

α

H3PO4

H+ + H2PO4-

Ka1 = 6.761x10-3

H2PO4-1

H+ + HPO4-2 Ka2 = 4.898 x 10-8

HPO4-2

H+ + PO4-3

Ka3 = 4.365 x 10-13

Figure 3: left) pH dependent speciation of orthophosphate in solution, y axis indicates relative activity (KrasickaCydzik 2012), right) phosphate equilibrium constants at STP (Tan 2000)

The phosphate equilibrium system also acts as a buffer of pH, shifting the degree of
protonation to resist changes in acidity through consuming or releasing protons
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following Le Chatelier’s Principle (vanLoon and Duffy 2010). In natural water bodies,
the aqueous concentration of phosphate (5-100 µg.L-1 Total P) (vanLoon and Duffy
2010) is generally too low for this buffering capacity to be significant. However, the
initial P concentrations used in the H+:P coadsorption study were approximately 1000
times greater. The impact of this buffering is highly relevant to the pH measurements
undertaken, and is discussed in the method development (see section 3.3.1) of this
thesis.

2.3 FURTHER SOIL PH INFLUENCES
2.3.1 THE CARBONATE SYSTEM
Soil suspension pH responses can also be affected by the buffering of the carbonate
system, which will always be present in solutions allowed to equilibrate in air under
normal atmospheric conditions. This is due to the dissolution of aqueous CO 2 from the
atmosphere. Once in solution, stepwise equilibria can produce two species (HCO 3- and
H2CO3) which potentially interfere with free H+ and thus soil suspension pH
measurements (see below) (Reid et al 1987).
CO2(g) (solubility 0.88 cm3 CO2.g-1 water, at partial pressure for CO2 of 1 bar abs) (PED 1978)

CO2(aq)
CO2(aq) + H2O(l)

H2CO3(aq) (K= 1.3 x 10-3)

H2CO3(aq)

HCO3-(aq) + H+(aq)(KA1 = 2.00 x 10-4)

HCO3-(aq)

CO32-(aq) + H+(aq) (KA2 = 4.69 x 10-11)

Solving the acid equilibrium equations produces the following relationships for the
relative fraction (α) of each carbonate species in solution (Boef 1977).

αH2CO3 =

[𝐻 + ]2
[𝐻 + ]2 +[𝐻 + ]𝐾𝐴1 + 𝐾𝐴1 𝐾𝐴2

=

αHCO3- =

[𝐻 + ]𝐾𝐴1
[𝐻 + ]2 +[𝐻 + ]𝐾𝐴1 + 𝐾𝐴1 𝐾𝐴2

=

[𝐻2 𝐶𝑂3 ]
𝑡𝑜𝑡𝑎𝑙𝐶𝑂2 (𝑎𝑞)
[𝐻𝐶𝑂3− ]
𝑡𝑜𝑡𝑎𝑙𝐶𝑂2 (𝑎𝑞)
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𝐾 𝐾𝐴2
αCO32- = + 2 +𝐴1
[𝐻 ] +[𝐻 ]𝐾𝐴1 + 𝐾𝐴1 𝐾𝐴2

=

[𝐶𝑂32−]
𝑡𝑜𝑡𝑎𝑙𝐶𝑂2 (𝑎𝑞)

When assuming the pH at any given time reflects the true free H + concentration in
solution, each relative fraction can then be graphed over a range of pH to identify
where the dominant species lie (see Fig 4). Following these calculations, it can be seen
that H2CO3 is the dominant species below pH 5. Though H2CO3 does not generally
accept protons, and hence cannot buffer pH decreases, it can lose a proton to form
bicarbonate as a response to base additions.

The reactions of bicarbonate are relevant for the back-titration with KOH used in the
proton-phosphate coadsorption experiments because this solution is not carbonate
free. The species may also act as a competitive binder with phosphate reducing
available sorption sites, if limited.

H2CO3 (aq)

Figure 4: Distribution of carbonate fractions in solution as a function of pH (adapted from vanLoon
and Duffy 2010)

2.4 SOIL SURFACE CHEMISTRY
2.4.1 ION EXCHANGE & SORPTION PROPERTIES OF ENVIRONMENTAL COLLOIDS
As a consequence of their small diameter many soil clay materials are considered
colloidal, and exhibit unique properties because of their large surface area per unit
mass. The clay component of soils is pertinently summarised in Greenland and Hayes
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(1978, pg. 15) as the ‘active fraction’. Within soil clay fragment surfaces a complex
charge system exists, consisting of both variable and permanent charge components,
with one typically dominating over the other depending on the chemical nature of the
colloid (Zhang and Zhao 1997). A permanent charge component on 2:1 clay surfaces
primarily arises from isomorphous substitution of different valence atoms within the
aluminosilicate lattices during mineral formation (vanLoon and Duffy 2010). The most
common substitutions are Al3+ replacing Si4+ and Mg2+ replacing Al3+ (Sposito 2008; see
Fig 5). Higher valency species are almost exclusively replaced by lower valence ions,
which give clay surfaces a negative charge (vanLoon and Duffy 2010).

The ionic imperfections are fixed within the crystal lattice, resulting in a permanent
charge imbalance that cannot be affected by surface ion concentration or pH
(Gangaiya and Morrison 1987). Within aluminosilicate clays (both 1:1 and 2:1), a
variable charge arises from the loss of H+ when hydroxyl groups are ionised (Fig 6)
(Sposito 2008), however this is negligible in 2:1 clays as the permanent charge
influences are far greater.
Oxyhydroxides of iron and aluminium are present in soils and also contain a variable
surface charge. The proton dissociation equilibria are pH dependent, (see Equation 2)
producing a positive or negative surface charge for a low and high pH respectively
(Zhang and Zhao 1997).
M-OH2+

M-OH + H+

M-O- + 2H+

(2)

However, the surface charge is predominantly negative under normal soil conditions
(Sposito 2008).The adsorption and exchange of crucial ions for optimum plant growth
conditions, such as PO43-, NH4+ and metal cations, are key features pertaining to the
charge among these environmental solids. There are two mechanisms by which
surface adsorption of ions can occur.
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Dioctahedral

Dioctahedral with
isomorphic substitution

Figure 5: Comparative net surface charge decrease due to the effect of isomorphic substitution
3+
2+
replacing an Al cation with Mg in 2:1 clays (Brady and Weil 2002, pg. 323)

Figure 6: Surface charge of clay surfaces arising from deprotonation of hydroxyl groups (Trainor 2008)

The first mechanism is electrostatic retention, which is a reversible process (Zhang and
Zhao 1997). The surface charge of colloidal solids attracts counter ions of the opposite
charge from the surrounding solution. The resulting distribution of ions attraction
produces an electrical double layer, and the ions within it are exchangeable with other
species present in the surrounding solution (vanLoon and Duffy 2010; see Fig 7).

~ 21 ~

Literature Review

In the double layer, smaller and higher valence ions are more strongly attracted to the
surface, and the proportion of ions held is related to the surrounding solution
concentration. This surface-solution ion exchange behaves as an equilibrium, and
transitions to counteract the addition of further ions (vanLoon and Duffy 2010). When
moving away from the colloid surface, the attraction becomes exponentially less
strong, resulting in the balance between positive and negative ions rapidly shifting
towards that of the surrounding ‘bulk’ solution.

As many environmental solids have a net negative surface charge, electrostatic
retention gives soils a capacity to exchange, and thus buffer cation and acid
concentrations in the surrounding solution. Anion exchange also occurs, but to a lesser
extent (Sposito 2008).

Figure 7: Annotated sections of the electrical double layer, cations are attracted in greater density to
stabilise the negative colloid surface at the stern layer (Thompson and Goyne 2012).

The second retention mechanism is specific binding, whereby solution species form
bonds with the colloid surface atoms (Sposito 2008). This can be viewed as a chemical
reaction for species such as phosphate, with an equilibrium that lies heavily to the
right (see Fig 8), due to the formation of covalent bonds.

~ 22 ~

Literature Review

With specific binding, the degree of adsorption is much more dependent upon the
chemical affinity of the species with the colloid surface, than on electrostatic attraction
(Bradl 2004). As this type of binding is very thermodynamically favourable, the reaction
kinetics are fast; with the majority of sorption achieved after 10-16h and equilibrium
established after approximately 24 h (Hamdi et al 2014).

Figure 8: Sorption equilibrium of phosphate onto iron oxyhydroxide surfaces (vanLoon and Duffy
2010, pg 433)

If the concentration of phosphate in the soil suspension is far less than that of the
bound P, the reverse process of specific binding (desorption) will occur, although at a
much slower rate than adsorption. Soils that have undergone extensive fertiliser
treatments and accrued a large amount of bound P have been documented to release
orthophosphate in flood events to the extent that the water quality is adversely
effected (Zou et al 2011).

Phosphorus adsorption has often been described as a highly complex process, and
understanding the chemical mechanism by which it occurs has been a key aspect of
past investigations. In particular, there was considerable uncertainty as to whether the
sorption of P onto metal oxyhydroxides was occurring by surface precipitation, surface
complexation or a combination of the two (Willett et al 1988; Strauss et al 1997; Ler
and Stanforth 2003; Huang et al 2009).

The use of charge distribution modelling, molecular orbital calculations and IR
spectroscopy has demonstrated that a variety of mono and bidentate surface species
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exist in adsorbed phosphate on goethite (see Fig 9) (Rahnemaie et al 2007), identifying
that surface complexation must be a significant contribution to the mechanism of P
sorption.

Furthermore, Huang et al (2009) reported an abrupt P adsorption maximum for
aluminium complexes at a pH of 4.0, and the authors found using surface
complexation theory that this was due to the absence of phosphate reactive triply
coordinated surface hydroxyls. These observations were concluded by the authors to
be inconsistent with surface precipitation as the dominant mechanism for adsorption.

Figure 9: Varying degrees of protonation in monodentate (M) and bidentate (B) phosphate surface
complexes at the goethite interface. Pauling charge distribution values given for inner and outer
complex ligands (Rahnemaie et al 2007).

In addition to Fe and Al oxyhydroxides, the adsorption of phosphorus can also occur on
calcium in soils with a high proportion of CaCO3 (Bell and Black 1970), however this is
typically significant in alkaline conditions (Bolland 2003). The suspension pH values of
the soils studies were all acidic ranging from (4.3-5.5) and thus this form of P binding
can be ignored.
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2.4.2 PHYSICO-CHEMICAL FACTORS AFFECTING SOIL PHOSPHORUS ADSORPTION
Many studies have identified a variety of physico-chemical factors affecting the
adsorption of phosphate, and are presented below.
MOISTURE CONTENT
Soil is well known to undergo chemical and structural changes with fluctuations in soil
moisture content (Baskaran et al 1994; Buol et al 2011). With drying of the soil, greater
crystallisation of Fe and Al oxyhydroxides occurs, reducing sites available for
phosphate adsorption. Drying soils also causes lysis of microbial cells, halting the
mineralisation of organic matter, resulting in an increase in the amount of phosphate
available for sorption on mineral surfaces.
METAL OXYHYDROXIDE
As metal oxyhydroxides (particularly those of Fe and Al at and below pH 7) are the
predominant sorbents of phosphate, their nature in soils is a key factor determining
soil phosphate adsorption potential. Aspects such as particle size (whether clay, silt or
sand) govern the surface area of sorbent, and hence the quantity of exposed sites to
interact with the solution, with large surface areas greatly boosting adsorption (Ersahin
et al 2006). Soils with larger proportions of reactive metal oxyhydroxides are almost
invariably observed to have larger phosphate adsorption capacities than those which
do not (vanLoon and Duffy 2010). The ratio between Fe and Al soil concentrations also
impacts on the rate and capacity for P adsorption. Vimpany (1983) observed Al as the
dominant sorbent of P in low sorbing soils, but in soils of high sorption capacity Fe-P
appeared to dominate.

PH

Soil suspension pH exhibits an important effect on the dynamics of soluble P sorption.
As a general trend from literature studies, P adsorption reaches a maximum at a range
of pH values from 2–4, and then decreases with increasing pH (vanLoon and Duffy
2010; Buol et al 2011). This is in part due to the impact of pH on the aforementioned
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variable surface charge sites. Phosphate is preferentially absorbed as protonated
complexes at low pH, following the HSAB theory of ligand interactions (Antelo et al
2005; Huang et al 2009).

However, the pH dependency on P sorption is also due to a specific interaction of
aluminosilicate minerals with solutions of low pH. At pH < 5, the molecular structure of
these minerals starts to breakdown and in doing so release P reactive positive Al
species including Al(OH)2+, Al(OH)2+ and Al3+ (Sparks 2003). These species rapidly
precipitate soluble inorganic P in a reaction which is very favourable. This creates a
permanent sink for P, and can directly interfere with P adsorption experiments where
soil pH is low enough.
ORGANIC MATTER
Like many notions in soil investigations, the precise effect SOM (soil organic matter)
imposes on P sorption is a contested issue, as contradictory results have been found in
literature studies (Hiradate and Uchida 2004). A number of reports have found a
lowering of P sorption by soils in the presence of organic matter (Toreu et al 1988; Shi
et al 2010). The basis of this apparent relationship has been described by biological
decomposition of SOM into soluble organic species (humic and fulvic acids) which bind
in competition with phosphate on metal oxyhydroxide surfaces (deMesquitaFilho and
Torrent 1993; Shi et al 2010).

Those that have found a significant positive correlation between phosphate adsorption
and SOM attributed this to the potential for organic matter itself to form complexes
with metal ions on clays, such as smectite, which has a moderate affinity for P, though
not as great as Fe and Al oxyhydroxides due to its high negative permanent charge.
Other research has also demonstrated that organic matter itself can adsorb Fe and Al
species on its surface, which are then able to adsorb P from the solution, allowing SOM
to act as another P sorption facilitator (Gerke 2010).
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Such apparent conflict in results is accounted for by more recent studies which have
shown that soil P sorption capacity responses to organic matter are dependent upon
the properties of the soils themselves. Yu et al (2013) have demonstrated that basaltic
derived soils had their soil P sorption capacities boosted by OM additions after
incubation, while granite and river alluvial deposit derived soils had a decline in
strength of P adsorption declined after poultry manure compost was added.

Hiradate and Uchida (2004) also recorded results very similar to this trend, where
removal of SOM with chemical treatments raised or lowered P sorption depending on
the soil mineralogy and structure. The authors also found that in soils with SOM
present, the correlation between pH and P sorption was less strong, and concluded
that SOM also works to keep the quantity of available P sorption sites relatively
constant across a wide range of soil suspension pH values.
COMPETITION WITH ANIONS
Phosphate is not the only anion which can adsorb on clay mineral surfaces. Species
such as sulfate (SO42-) and bicarbonate (HCO3-) also favourably bind to these surfaces,
and will compete with phosphate. Lindegren and Persson (2009) demonstrated with IR
that partially protonated complex carboxylic acids would desorb phosphate surfaces
complexes from goethite as strong H-bonding interactions made binding more
favourable. However, a variety of adsorbents are present within soils, with differing
chemical properties and thus differing anion selectivity. This complicates the issue of
understanding and quantifying how competitive anions will affect P sorption.
Nevertheless, the degree to which these species affect P sorption is dependent upon
their relative concentration.

2.4.3 ENVIRONMENTAL SIGNIFICANCE OF SOIL PHOSPHORUS ADSORPTION
It would be meaningless to discuss the deep intricacies of phosphate adsorption in
soils without exploring why the topic initially merits such a study. Agronomic views
have changed from the past, where soils were assumed to be a permanent,
unrestricted sink of P (Nash and Halliwell 1998) to one where adsorption is treated as a
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process of limited extent (McDowell 2012). Ideally within agricultural systems the use
of fertilizer should achieve what has been described as a balancing act between
ensuring plentiful yields and minimal water quality impacts from nutrient loading.

In order to achieve this balance, sound understanding of phosphate adsorption that
encompasses both qualitative and particularly quantitative knowledge is required. It
has been identified previously that there are multiple avenues by which P can be lost
from the soil-sorbent system. These include P being not sorbed at all, or being
desorbed due to site saturation from past additions, allowing P to be freely lost to
surface waters.

Developing scientific understanding of P sorption in soils through investigations, which
can be used as the foundation for generating quantitative models of the process, is a
key aspect in producing practical tools to manage eutrophication. Having this
foundational understanding in combination with mathematical modelling of soil P
sorption also allows precise fertiliser additions to meet crop needs, as well as used to
quantify areas of very low P sorbed to act as a sink for channelling fertilised crop
irrigation surface waters (Mecozzi 2013).

As highlighted in the introduction, this study aims to build upon that of Rahnemaie et
al (2007) which observed non-stoichiometric proton coadsorption ratios with P added
in the form H2PO4-. At pH 4.80, it was found that the H+:P cosorption was 1.6:1, with
minimal variance upon changing pH. This resulted in slow acidification of the goethite
suspensions studied with accumulated P, due to the proportion of excess protons that
remained in solution after sorption.

Within soil systems, particularly those of agricultural significance, acidity is an issue of
great concern. Although acidification is the natural progression for soils, occurring very
gradually over geological time (Commissioner for Environmental Sustainability 2008), it
can be rapidly accelerated via agriculture (Donnelly 2003). The optimum pH range for
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plant growth is often narrow (about 1.5 to 2 pH units), and soils that are too acidic can
stunt roots, impair nutrient uptake and produce very poor yields (DOA 2002).

Agricultural lime is key tool used by farmers to counteract soil acidity, as it is a basic
salt, a carbonate of Ca with little to no MgCO3 present. It is often applied with
fertilisers in a granule form, and then allowed to sit until water (from irrigation or
rainfall) disperses it onto soil surfaces, or is manually incorporated where feasible
(Pagani and Mallarino 2012). Raising soil pH with lime is an integral part of agriculture;
however it represents a considerable financial investment. Cropland application rates
can be as high as 1.5 t.ha-1 (Fisher et al 2012), and indeed it is recommended that 25
million tonnes is required in Australia between the 2010-2020 period to keep farm soil
pH at recommended levels (Andrew and Gazey 2010).

Soil acidification is a constant challenge for farmers, requiring significant resources to
sustain optimum crop conditions (Fisher et al 2012). It is of utmost importance for the
continued sustainability of farms that the dynamics of protons in soils are fully
understood, particularly how they are changed as a result of fertiliser additions.

2.4.4 POINT OF ZERO CHARGE IN SOILS
Critical to understanding the complex interaction between soil surface chemistry and
ion addition is the point of zero charge. While there are complications applying this
term to soil systems, the core concept is that for variable charge systems there is a
point in solution ionic strength at which the net surface charge is zero (Gangaiya and
Morrison 1987). Permanent charge systems have a fixed surface charge, and the use of
the term point of zero charge is less applicable.

The Guoy Chapman equation (Zhang and Zhao 1997) describes the relationship
between surface potential and electrolyte concentration for both the permanent
(Equation 3) and variable charge scenarios (Equation 4).
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(3)

= 𝜎𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒

(4)

Where C = electrolyte concentration, e = dielectric constant, R = universal gas constant,
T = surface potential, temperature, z = valence of compensating ions, F = Faraday
constant, σ = surface charge density

For permanent systems the surface charge (σ) is fixed, consequently the addition of
electrolyte or higher valence ions will shift the surface potential (

) so that it remains

constant (Zhang and Zhao 1997). If the assumption is made that the potential
determining ions are H+ and OH- for variable systems, then the Nernst equation can be
used (Equation 5), and when substituted into (3) and simplified this gives equation 6
(Zhang and Zhao 1997; Sposito 2008).
𝜓0 =

𝑅𝑇
2.303(𝑝𝐻0 − 𝑝𝐻)
𝐹
1

𝜎𝑣 = 0.135𝐶 2 (𝑝𝐻0 − 𝑝𝐻)

(5)
(6)

The total charge density for a mixed system is the combined total of each, and when it
is 0, the pH is equivalent to the zero point of net charge (ZPNC) (Equation 7).
𝑍𝑃𝑁𝐶 = 𝑝𝐻0 +

𝜎𝑝

1

0.135𝐶 2

(7)

Where the pH0 is the point at which the net quantity of variable surface charge equals
zero. Given that the surface charge density of ions is directly proportional to the
electrolyte concentration, the thickness of the electric double layer will shift
depending upon changes to the ionic strength of the solution (Thompson and Goyne
2012). Increasing C will cause an exchange of cations on negative clay surfaces with the
surrounding solution to reach equilibrium for the new surface potential. As protons are
a very common cation retained on negative clay surfaces (vanLoon and Duffy 2010),
this will result in a decrease in the pH of the soil suspension observed with increases in
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the solution ionic strength. This raises an important consideration for understanding
the complex pH in soils, and must be accounted for when determining pH changes as a
result of P additions.

To most accurately represent P additions from fertilisers and decomposition, KH2PO4 is
commonly used. The addition of the K+ ion will invariably affect the electric double
layer, and cause an exchange of cations with the soil surface- some of which will
include H+. This will affect the soil suspension pH measurements. To counteract this, a
background electrolyte is often used (such as 0.01M KCl or CaCl2) (Pardo et al 1992),
the concentration of which is suitably large so that the ionic strength change imposed
from any new additions is negligible.

2.5 MICROBIAL ACTIVITY IN SOILS
Soils are not only a conglomerate of chemical constituents, but also a biologically
active reaction medium. Decomposition of material (particularly organic matter) is a
process that initiates rapidly under ideal conditions (10-20% moisture, 30-40oC
temperature, as well as organic material particle size and accessibility) (Jenkinson
1978). The majority of decomposition done by soil fungi, actinomycetes, algae and
bacterial species is aerobic. In the absence of oxygen, decomposition is dominated by
anaerobic bacteria (Jenkinson 1978).

A pH increase has been observed in soil studies investigating the soil suspension
effects of organic material decomposition (Wong and Swift 2005). The precise
mechanisms resulting in this are not fully understood. However, it is postulated that
proton consumption occurs due to the consumption of oxygen in decomposition
during the reduction of metallic ions as the next electron acceptors in respiration. The
ammonification of labile N compounds by microbes is also hypothesised to be a source
of H+ consumption.
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These processes are by no means exhaustive of the total processes affecting pH in
soils. Many other processes have a direct effect on soil pH such as nitrification (see Fig
10), nature of parent material and the degree of weathering. Indeed, acidification is
the natural progression for soils, occurring very gradually over geological time (CES
2008).

+

+

Figure 10: Chain series of nitrogen cycle equilibria, note that the formation of NH4 consumes H and
+
+
the oxidation of NH4 releases H (FAO 2001).

Although, for the incubation time scale used in this study this is negligible compared to
aforementioned microbial consumption processes. It is not guaranteed that microbial
decomposition will impact on pH measurements within this study; however it is a vital
aspect to explore and will be assessed experimentally to ensure data validity.

2.6 CHAPTER SUMMARY
The essential knowledge pertaining to soil P and proton dynamics has been outlined in
order to understand the chemistry of P adsorption, and the complexity involved in
proton coadsorption measurements. A key point to highlight from this chapter is that
both phosphorus and protons can impose a negative impact on the environment
through eutrophication and soil acidity respectively, when present in large enough
quantities of bioavailable forms. The importance of these two issues highlights the
reason for academic interest, and in particular the knowledge gap relating to the
proton behaviour associated with P sorption in soils is the reason for this study.
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CHAPTER 3- MATERIALS AND METHODS
3. 1 INTRODUCTION
This chapter first gives an account of the background and properties of the soil
samples investigated (Section 3.2), then outlines the chemical reagents, equipment
and laboratory testing regime performed. The development of the analytical methods
comprised a significant portion of the study, and is discussed in detail in Section 3.3.
The calculations and statistical analyses employed to estimate the H:P co-adsorption
ratio from data produced in this study is also given in this section. Lastly, section 3.4
analyses and discusses data previously collected by the NSW Department of Primary
Industries (NSW DPI).

3.2 SOIL SAMPLES AND PROCESSING
A total of nine soil samples was used in this study, with three used in method
development (ULL2, EMAI and TG1) and six employed for the proton co-adsorption
study (KA, FL, MO, MA, D, RO) (Table 4). The locations which the soil samples
originated from dictated the letter code in the sample ID. The soil texture and other
properties are described by Dougherty et al (2011), and Australian soil classification
based on Isbell (1996). For each location, bulk topsoil samples were taken and then
macroscopic organic material (e.g. plant roots) was manually removed from the soil
samples, and sieved to <6 mm.
Table 4: Locations, sampling depth and Australian classification of all soil samples used in this study.
Adapted from Dougherty et al (2011), and classification scheme used from Isbell (1996). M.D. =
method development.

Location Sample ID Depth
(cm)

Classification

Role in Study

Camden
Flaxley
Glenmore
Bowral
Richmond
Robertson
Ulladulla
Menangle
Ulladulla

Brown Chromosol
Brown Chromosol
Red Chromosol
Brown Kurosol
Red Kandosol
Red Ferrosol
Brown Dermosol
Haplic Eutrophic Brown Chromosol
Grey Kurosol

H+:P analysis
H+:P analysis
H+:P analysis
H+:P analysis
H+:P analysis
H+:P analysis
M.D.
M.D.
M.D.

KA
FL
MO
MA
D
RO
ULL2
EMAI-PIT
TG1

0-10
0-10
0-10
0-10
0-10
0-10
0-15
0-25
0-15
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3.2.1 SAMPLE HISTORY
Three years preceding this study, the bulk samples described above were used for
pasture growth studies. This involved adding varied amounts of triple superphosphate
(Ca(H2PO4)2) producing final concentrations ranging from 0-2158 mg P.kg-1 (see
Appendix V for details). The additions were designed to give soil P quantities ranging
from optimal to excessive for vegetation development (Dougherty et al 2011).
Subsamples of approximately 5000 g were taken and sown with 25 kg.ha-1 of ryegrass
(Loliumperenne) in trays. These were then conditioned with cyclic wetting by means of
rainfall simulations at 45 mm.h-1 and being allowed to air-dry indoors.

After the experiments were completed, the soil was allowed to air-dry and stored
indoors. Five subsamples from each soil were used in this study, spread across the
range of P treatments. Any visible biological material that was reintroduced into the
soil after the ryegrass experiments was removed manually. The soil was then ground
and sieved to <1 mm before performing the procedures used in this study.

3.2.2 SOIL TESTING REGIME
The analysis of the soil samples was conducted at two locations, the University of
Wollongong Environmental Science Laboratory and the NSW DPI laboratories. The
methodology used in this study had multiple aspects, including a series of KH 2PO4 soil
additions directed at quantifying the H:P adsorption ratio, and whether there are any
limitations to the measurement of this ratio. Understanding these limitations required
other experiments focused on the stability of soil suspension pH over the equilibration
times used, and measuring acid base stoichiometry in the suspensions and how
suspension pH is affected by cation additions.

The procedures and analyses were completed at the University of Wollongong unless
otherwise specified, and included pH measurements and titrations of soil suspension,
as well as colorimetric P and NH3 measurement in supernatants of soil suspensions. An
outline of these methods is given below. The testing done by the New South Wales
Department of Primary Industries included analyses of the supernatants of soil
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suspension for dissolved organic carbon, as well as the cations of various metals by
ICP-atomic emission spectroscopy.
SOIL PH MEASUREMENTS
Of utmost importance to this study is the accurate and precise measurement of soil
suspension pH. In order to do this, the soil samples must be fully dispersed and held in
solution. During equilibration, the suspensions were mixed on an end-to-end shaker
and then manually shaken again just before measurement.

The quantity of soil used in proportion to amount of solution varies amongst previous
studies, but ratios of 1:5 or 1:10 are the most common (Rayment and Lyons 2011). A
calibrated Orion Dual Star Pacific pH meter was used to perform the pH
measurements, unless otherwise specified. If the calibration slope was less than 95%
or greater than 102%, the calibration was repeated until values fell within this range.
The electrode had a reference cell with a ring junction (Thermo Scientific Orion
91578N) refillable with saturated KCl. All pH analyses were done in the presence of a
background electrolyte, the type and concentration of which varied throughout
method development.
COLORIMETRIC P
Sample suspensions were separated and both filtration and centrifugation methods
were trialled in method development, with the latter deemed more suitable for soils
and the former for goethite. Any colloids present will cause a positive error in
absorbance from light scattering and the release of any sorbed P. Clear supernatants
were then analysed for orthophosphate using a modified version of the Murphy and
Riley (1962) method (molybdenum blue). This method gives a measurement of
molybdate reactive P.

A flow injection analyser (QuikChem 8500, Lachat Instruments) was used for all
aqueous P analyses. The reaction time was approximately 80s, with final reagent
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concentrations of 0.6 g.L-1 of ammonium molybdate, 1 g.L-1 of ascorbic acid, 0.05 g.L-1
of potassium antimony tartrate, and 0.125 M H2SO4. The absorbance of the phosphate
complex was measured at 880 nm. Calibration standards were prepared in the
electrolyte in which soil samples were suspended to minimise matrix effects.

While it is also possible that the soil may release soluble organic phosphate species
during suspension equilibration, ammonium molybdate colorimetric P is relatively
inactive for these species unlike ICP (Hart and Cornish 2009); consequently their effect
was ignored in this study. Prior to use, all glassware was acid washed using 10% HCl
followed by deionised water.
POST-COADSORPTION ANALYSES
After the colorimetric P analysis for the coadsorption method, the remaining
supernatants of selected samples were then analysed for dissolved organic carbon
(DOC) and selected elements by ICP at NSW DPI laboratory facilities in Menangle,
approximately 50 km South West of the Sydney CBD. As less than 5 mL of sample
supernatant remained after the FIA aliquots were taken, the remaining liquid was
filtered through an ashless Whatman 40 filter paper (8 µm) and then weighed into a
50mL volumetric and made up to the mark with milli-Q water. This produced sufficient
sample volume to accommodate both analyses. The solutions were then transferred to
acid washed plastic sample tubes for transportation to the DPI laboratories.

Dissolved Organic Carbon
For the DOC analysis, 40 mL aliquots were taken from the bulk samples and filtered
through a 0.45 micron filter. The samples were then analysed for the total organic
carbon (TOC) and inorganic carbon (IC) content using a SHIMADZU TOC-VCSH Total
Organic Carbon Analyser. The DOC concentration of the samples was then found from
the relationship:
𝐷𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝐶𝑎𝑟𝑏𝑜𝑛 (𝑚𝑔. 𝐿−1 ) = 𝑇𝑂𝐶 (𝑚𝑔. 𝐿−1 ) − 𝐼𝐶(𝑚𝑔. 𝐿−1 )
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The background electrolyte solution was also analysed for DOC and this was taken as
the sample blank, with the result subtracted from the samples after correcting for the
dilution factor.

ICP-AES
The soil extracts were also analysed for numerous elements (Ca, Na, Mg, S, P) by ICPAES using a Varian 720-ES (ICP Optical Emission Spectrometer) with a Varin SPS3
Autosampler. The premise of analysing for several common cations was to evaluate
the degree to which cation exchange may be buffering any excess proton release from
a less than stoichiometric H+:P cosorption ratio. Potassium comprised the bulk of the
background electrolyte, and was hence not included in the cation analysis being far too
high in concentration. Sulfur was analysed to understand how the concentration of
sulfate (which was assumed to be the dominant aqueous sulfur species) compared to
phosphate, and whether it may competitively adsorb onto surface sites in the soil.

3.3 METHOD DEVELOPMENT
In order to ascertain how to most accurately estimate the H:P binding ratio, a
significant portion of experimental work was dedicated to optimising the experimental
conditions. While H:P co-adsorption methodologies exist for the mineral goethite
(Rahnemaie et al. 2007), no attempts had been made to study this phenomenon in
soils, and consequently it was necessary to develop and refine experimental
procedures to achieve this. In obtaining valid data for experiments regarding proton
co-adsorption, it is necessary to consider a variety of important soil chemistry
phenomena, which are discussed next.

SPECIFIC EFFECT OF ELECTROLYTE ADDITIONS
As demonstrated in section 2.4.4, increases in ionic strength result in the development
of a new cation exchange equilibrium shifting to release protons from clay surfaces
into solution. It is therefore necessary to control the pH change related to this for the
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electrolytes used in this study (KH2PO4, KOH). This was done by equilibrating the soil
with the background solution, and then measuring the pH before adding P. The
background electrolyte chosen was KCl. The use of 0.01M CaCl2 is more common in the
literature (Kissel et al 2009), but KCl was deemed more suitable to simplify the ionic
background, maintaining K+ as the only additional cation since P was added as KH2PO4.
PH BUFFERING OF SOILS & CARBONATE

The degree of pH buffering of each soil was quantified in order to determine the
consequent effects of this on soil pH changes. The soil buffering capacity remains
constant for a narrow range of ionic strengths and is given as ∆pH.(mmol OH)-1 for a
set quantity of soil. The buffering of bicarbonate was assumed to be standardised, as
soil suspensions were in open vessels and thus equilibrated with the partial pressure of
CO2 in the air. However, it is not known if the shaking procedures used or if
bicarbonate desorption occurred which would change the solution HCO 3concentration. Purging with humidified air was tested to ensure equilibrium with
atmospheric CO2, which has a concentration of approximately 400 µL.L-1 (IPCC 2013).

SATURATION AND VARIABILITY OF PHOSPHATE ADSORPTION
Previous studies have demonstrated that prior P additions to soils reduce the amount
of P adsorbed from future additions (Carlson-Perret, 2012). Soils can also greatly vary
in their capacity to adsorb P, dictated mostly by the proportion of the clay sized
fraction.

Optimising the estimation of the H/P molar sorption ratio requires that both terms in
the ratio be measured as accurately as possible. This is a complex issue, because
attaining a high percentage (>90%) of P sorption is ideal for the P component cosorption study; however to achieve this requires low concentration P additions. As the
measurement of pH is not as sensitive as that of colorimetric P, enough phosphate
needs to be added so that any associated pH drop can be detected.

~ 38 ~

Materials and Methods

A considerable amount of time was devoted to finding a middle ground between these
two conflicting aspects by trialling P additions over a range of concentrations, as
described in Trial 1 (section 3.3.1).

OTHER H+

UNCERTAINTIES

Protons may also be consumed over time by soil microbial communities, or by the
structural rearrangement of soil colloids in the suspension (peptization) (Hiemstra
2014). The uncertainty associated with pH electrode measurements and calibration, as
well as electrode drift during the observations, were minimised by frequent
calibrations to assure data quality. The pH buffering of aqueous phosphate will be
controlled by attaining a high percentage of P sorption, which will remove the solution
P so it won’t be present to influence free H+ (active H+ in solution).

3.3.1 OPTIMISING THE ESTIMATION OF THE MOLAR PROTON:PHOSPHORUS ADSORPTION RATIOTRIAL 1
The initial method development experiments were conducted upon the ULL2 soil,
which has similar properties to the high sorbing soil RO studied using the finalised
procedure. The ULL2 soil was substituted instead during method development to
conserve the limited quantities of the samples remaining from the study by CarlsonPerrett (2012). Unless otherwise specified, all glassware was acid washed and soil
samples were air dried, ground and sieved to <250 µm prior to analyses. The fine
particle size was to ensure data precision in replicate measurements.

Trial 1 scoped the precision and sensitivity of the pH and P sorption measurements.
Using an analytical balance, 4.00 grams of ULL2 soil was weighed into a beaker and a
magnetic stirrer bar added. The balance was then tared and 10.00 mL 0.02M KCl added
using a pipette, noting the exact weight. Suspensions were stirred (IEC 2092-001) for 1
h then pH recorded with a benchtop Orion Pacific Dual Star pH/ISE meter. The samples
then had 10.00 mL 0.001M KH2PO4 added to raise the soil solution ratio, and then
three 1 mL spikes of 1M KH2PO4 were added to increase the initial P concentration.
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The suspensions were equilibrated for 1 h on the magnetic stirrer, and the suspension
pH remeasured.

While stirring, the suspensions were back-titrated to the initial pH (Fig 11), i.e. the pH
before KH2PO4 additions, using a 1:1000 dilution of carbonate free KOH (see Appendix
VII for preparation). The suspensions were allowed to settle, and then a 1.00 mL
aliquot was taken and filtered into a 1000.00 mL volumetric flask using an ashless
Whatman 40 filter paper to remove remaining colloidal material. The filtrates were
made up to the mark with Milli-Q, diluting by 1:1000. The solutions were analysed for
orthophosphate using flow injection analysis as described earlier.

To pH meter

Figure 11: Schematic of soil suspension pH measurements and back titration (Adapted from Brooks
2010).

The bound protons and phosphate were calculated separately. P sorbed was
determined by subtracting the final, measured soil suspension P concentration from
the initial P concentration (Pinitial – Pfinal = Psorbed). The same principle was applied to the
determination of adsorbed protons, subtracting the final free H + concentration from
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the initial concentration (H+initial – H+final = H+sorbed). In order to estimate the free protons
and the two methods were compared. A back titration with KOH was the first method,
using the assumption that the required base was equivalent to free H+. The second
method was from multiplying previously determined soil pH buffering constants
(Appendix IV) with the measured ∆pH (from ∆pHfinal - ∆pHinitial for throughout this
study) of the soil suspension before and after adding P.

The following results were obtained:
Table 5: Measured soil suspension pH values before and after additions of KH2PO4 for ULL2, note that
∆pH was calculated from (pHf – pHi). Initial pH values represent the pH of the soil suspension in the
background electrolyte.

Sample ID
ULL2 a
ULL2 b
ULL2 c
ULL2 d
ULL2 e

pH initial
5.01
4.99
5.01
5.01
4.99

pH after PO4 addition
4.75
4.78
4.78
4.76
4.76

∆pH
-0.26
-0.21
-0.23
-0.25
-0.23

Table 6: Measured initial and final soil suspension P concentrations, and corresponding adsorption
-5
values for ULL2. ‘E-05’ denotes x10 , this notation is the same for all other instances in this thesis.

Sample ID
ULL2 a
ULL2 b
ULL2 c
ULL2 d
ULL2 e

Initial PO4 conc.
(mol.g-1)
5.16E-04
5.14E-04
5.14E-04
5.14E-04
5.14E-04

PO43- final (mol.g1
)
4.26E-04
4.54E-04
4.28E-04
4.52E-04
4.49E-04

PO4 sorbed (mol.g-1) % PO4
sorbed
9.01 E-05
17.5
6.02 E-05
11.7
8.62 E-05
16.8
6.17 E-05
12.0
6.44 E-05
12.5

Table 7: ULL2 soil suspension bound and free proton concentrations, determined through KOH back
titration.

Sample
ID
ULL2 a
ULL2 b
ULL2 c
ULL2 d
ULL2 e

Protons added
(mol.g-1)
1.03E-03
1.03E-03
1.03E-03
1.03E-03
1.03E-03

Free Protons
(mol H+.g-1)
3.55 E-04
2.87 E-04
3.14 E-04
3.42 E-04
3.14 E-04
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Bound Protons
(mol.g-1)
6.77 E-04
7.41 E-04
7.13 E-04
6.86 E-04
7.13 E-04

% H+ bound
65.7
71.9
69.2
66.6
69.2
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Table 8: ULL2 soil suspension bound and free proton concentrations, determined through soil pH
buffering constants.

Sample ID Protons added
(mol.g-1)
ULL2 a
5.16E-04
ULL2 b
5.14E-04
ULL2 c
5.14E-04
ULL2 d
5.14E-04
ULL2 e
5.14E-04

Free Protons
(mol H+.g-1)
5.69 E-05
4.59 E-05
5.03 E-05
5.47 E-05
5.03 E-05

Bound Protons
(mol.g-1)
4.59 E-04
4.68 E-04
4.64 E-04
4.59 E-04
4.64 E-04

% H+ bound
89.0
91.1
90.3
89.3
90.3

The data raises important points in attempting to quantitatively estimate H+:P coadsorption. Firstly, an approximate 0.25 pH unit decrease was observed for the soil
suspensions during the equilibration period in the absence of any P addition. Secondly,
a total variation of 0.05 units was present in replicate suspensions, suggesting that the
soil homogenisation could be improved, even after grinding to <250 µm.

It is also evident that a substantial difference exists in bound proton concentrations
calculated from the back titration and soil pH buffering constants (the back titrations
are 48-59% larger). A variety of factors may have contributed to this, including
imperfect acid-base stoichiometry, and pH buffering from non-sorbed P in solution.
Uncertainty within the soil pH buffering constant also exists, arising not only from
typical laboratory uncertainties such as pH electrode calibration, soil sample
homogeneity, and regression fit, but also from one key assumption made when using
the soil pH buffering constant.
Given the units of the soil pH buffering constant are ∆pH.(meq OH.100g)-1 (where 1
meq = 1 mmol OH-1), it is assumed that when adjusting this for the 2g of soil sample
used in co-adsorption ratio determination that the soil pH buffering would
proportionately be 50 times less, assuming perfectly linear response with changing soil
mass.
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The relationship used to find the free H+ molarity from the soil pH buffering capacitity
is given in equation 8:

[𝐹𝑟𝑒𝑒 𝐻 + ] =

Where 𝚫pH = pH
mmolOH.𝚫pH-1).

final

– pH

(𝛥𝑝𝐻 × 𝑝𝐻𝐵𝐶 𝑚𝑚𝑜𝑙𝑂𝐻. 𝛥𝑝𝐻 −1 )
1000
initial,

(8)

pHBC = soil pH buffering capacity (given as

The H:P co-adsorption ratios were then calculated (Table 9) using the relationship
given in equation 9.
𝐻+ : 𝑃 =

𝑚𝑜𝑙𝑒𝑠 𝐻 + 𝑠𝑜𝑟𝑏𝑒𝑑
𝑚𝑜𝑙𝑒𝑠 𝑃 𝑠𝑜𝑟𝑏𝑒𝑑

(9)

Table 9: Comparative ULL2 soil proton:phosphate co-adsorption ratios calculated using results of the
back titration and the previously known soil pH buffering constant.

Sample ID H+:P co-adsorption ratio H+:P co-adsorption ratio (soil pH
(back-titration)
buffering)
1
7.51
5.09
2
12.31
7.77
3
8.27
5.38
4
11.12
7.44
5
11.07
7.20
It is immediately evident that the H:P co-adsorption ratios found using both methods
were much greater than the 1.6:1 or 2:1 ratios expected if the sorbed species is
KH2PO4-1. These large values are also starkly different compared to published sorption
data for metal oxyhydroxides (Yamaguchi et al 1996, Rahnemaie et al 2007).
Consequently, it is likely that there is a degree of confounding error in the
determination of pH or P. To resolve the source of the presumed anomaly, the
measurement of P concentration was checked and the uncertainties were shown to
have been too small to account for the presumed anomaly. Had some colloidal
material remained in suspension and inflated the measured P concentration this effect
would have lowered the observed H:P values. Therefore attention was focussed on the
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measurement of the H+ balance.

Changes in pH of soil suspensions could potentially stem from microbial activity, or pH
buffering from the phosphate system itself, especially as the adsorption of added P
was 12-17.5%. The method also involved a change in soil-solution ratio when making
the 10 mL P additions, which may have systematically influenced the suspension pH.

This leads to the following changes to the experiments:
 Centrifugation should be tested to minimise the amount of colloidal soil or
organic material in the supernatant analysed for P.
 The volume change resulting from the P additions should be minimised by
using a greater amount of background electrolyte and adding P in a smaller
aliquots, however still ensuring that the total volume is 20mL to maintain the
same soil:solution ratio.
 Even though the ULL2 soil possesses a high proportion of clay materials making
it strongly P sorbing, it is likely that the adsorption sites may have begun to
saturate from the large initial PO4 concentration of 0.083M. A reduction in the
concentration of P added will be needed.

Microbial activity may also be a potential influencing factor in pH measurements that
will subsequently warrant investigation.

3.3.2 OPTIMISING THE ESTIMATION OF THE MOLAR PROTON:PHOSPHORUS ADSORPTION RATIOTRIAL 2
Several soils were trialled in the second run to understand the precision of the
method, including ULL2 and EMAI-PIT, as well as TG1 which is a low P sorbing soil. The
experimental procedure was the same as that used in Trial 1, with several key changes:
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 In order to minimise the change in soil-suspension ratio, the volume of
background electrolyte (0.01M KCl) was increased to 19 mL and the volume of
KH2PO4 added was reduced to 1 mL.
 The KH2PO4 concentration was also changed to 0.01M, and no spikes were
used, producing an initial P concentration of 0.0005M, down from 0.089M
which represents roughly a 200 fold concentration decrease. This was an
attempt to maximise the proportion of added P that was adsorbed, and to
simultaneously limit any confounding pH buffering from aqueous P.
 Centrifuge tubes (50cc) replaced beakers as the sample vessels, and after back
titrating samples were spun at 7000 rpm to ensure that supernatants were
‘free’ of suspended material before taking aliquots for P analysis.
 The magnetic stirrers were no longer used to equilibrate the samples, as
stirring in open beakers is prone to produce evaporative losses. All instances of
stirring were replaced with end-over-end shaking at 5 rpm.

The results of applying these changes and re-trialling the method are given in Table 10.
Table 10: Initial background electrolyte and final pH values after the P addition for the selected soil samples, note
that ∆pH was calculated from (pH final – pH initial).

Sample ID
TG1a
TG1b
TG1c
TG1d
EMAI-PITa
EMAI-PITb
EMAI-PITc
EMAI-PITd
ULL2a
ULL2b
ULL2c
ULL2d

pH initial
4.230
4.208
4.224
4.217
5.822
5.821
5.816
5.811
4.903
4.924
4.917
4.929

pH after PO4 addition
4.414
4.411
4.409
4.376
6.021
6.143
6.218
6.037
5.131
5.049
5.106
5.011

~ 45 ~

∆pH
0.184
0.203
0.185
0.159
0.199
0.322
0.402
0.226
0.228
0.125
0.189
0.082
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The difference in pH of the ULL2 soil suspension between Trials 1 and 2 was not
attributed to the change in the soil suspension ratio. It is immediately evident that the
change in pH after the equilibration with KH2PO4 was positive. This was highly
unexpected, and no KOH back-titration could be performed. The experiment was then
repeated to ascertain whether these results could be replicated (see Table 11).
Table 11: Repeat analysis of soil suspension pH response with KH2PO4 additions, pH initial represents that of the
soil and background electrolyte suspension only.

Sample ID

pH initial

TG1a
TG1b
TG1c
TG1d
EMAI-PITa
EMAI-PITb
EMAI-PITc
EMAI-PITd
ULL2a
ULL2b
ULL2c
ULL2d

4.256
4.239
4.241
4.235
5.800
5.774
5.765
5.781
4.932
4.916
4.875
4.929

pH after KH2PO4
addition
4.381
4.305
4.427
4.326
6.165
6.154
6.041
6.097
5.106
5.009
4.985
5.062

∆pH
0.125
0.066
0.186
0.091
0.365
0.380
0.276
0.316
0.174
0.093
0.110
0.133

It is clear that erratic influences in suspension pH measurements are present for all
three soil samples (Tables 10 and 11). The suspension colorimetric P concentrations
were not measured in either instance as a H+:P sorption ratio cannot be produced from
the pH data.

It is hypothesised that this is due to the influence of soil microbial activity, given similar
studies have used anti-microbial agents to produce accurate, repeatable soil
suspension analyses (Rayment and Lyons 2011). As discussed in section 2.5, microbial
activity can increase soil suspension pH. The measured pH increase for EMAI soil was
greater than the other soils, which supports the microbial hypothesis as it is an active
agricultural soil which has been fertilised as part of previous land use.

~ 46 ~

Materials and Methods

Several anti-microbial agents have been utilised for soil suspensions, including simple
Hg2+ salts and organic mercurials, chloroform, toluene and sodium azide (NaN 3), each
with their own merits. Mercury (II), commonly added as HgCl2, is well known for its
potent toxicity to microbial communities (Boden and Murrell 2011). While certain
bacteria display resistance to the mercuric ion and safely detoxify it to elemental
mercury, these organisms are mainly constrained to deep sea environments.

The use of organic antimicrobials (CHCl3, toluene, phenanthroline) may not interfere
with the soil-solution/cation equilibrium; however, organic species may interact with
mineral surfaces and SOM, indirectly influencing P sorption and soil pH. Sodium azide
is an effective preservative; however its usage in this study was felt to be limited by
safety considerations, due to the potential production of hydrazoic acid, a volatile
toxin, during the colorimetric FIA analysis.

3.3.3 OPTIMISING THE ESTIMATION OF THE MOLAR PROTON:PHOSPHORUS ADSORPTION RATIOTRIAL 3
The

co-adsorption

method

was re-trialled, comparing both mercury and

phenanthroline for suitability. A 200 ppm solution of phenanthroline was prepared
from the anhydrous solid (dissolved first in 100mL EtOH and made up to 250 mL with
deionised water), and a saturated solution of HgCl2 was prepared from the dry salt.
Varying quantities were added to a set of samples in order to ascertain the minimum
requirement to guarantee a stable pH during overnight shaking.

The background electrolyte (19 mL 0.01M KCl) was added to 6 replicates of 2 g ULL2
soil equilibrating for 1 h as per Trial 2, and then to three of these 0.5, 1 or 2 mL of the
phenanthroline solution added. The pH was measured at the phenanthroline addition
to determine if any change occurred. To the six samples, two sets of 0, 0.5, 1 mL 0.01M
KH2PO4 solution was added. The soil suspension was then equilibrated for 16 h and the
pH remeasured. The results obtained are summarised in Table 12.
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Table 12: Effect of phenanthroline on the overnight ULL2 soil suspension pH stability with and without
phosphorus additions.

Sample ID

ULL2a
ULL2b
ULL2c
ULL2d
ULL2e
ULL2f

pH
background
electrolyte
4.898
4.901
4.884
4.893
4.912
4.906

mL 200ppm
PHEN
0
0.5
0
1
0
2

pH background
electrolyte
+PHEN
4.898
4.901
4.884
4.893
4.912
4.906

mL 0.01M pH final
KH2PO4
0
0
0.5
0.5
1
1

5.070
5.074
5.107
5.113
5.127
5.116

The results are quite mixed in terms of how phenanthroline affected the overall pH;
however, it is clear that the sample pH values increased during overnight shaking with
added P when the converse should be expected. It is inconclusive from the data so far
whether the rise in pH is from microbial activity, but another more potent
antimicrobial agent (HgCl2) was trialled to examine whether this is the case.

Due to constraints on remaining test soil sample quantities, MA soil was used for the
initial stage of the Hg investigation and a 2 decimal place pH meter was used for the
measurements. Varying numbers of drops of the HgCl2 solution (4, 3, 2, 1, 0) were
added with the background electrolyte, and the pH after equilibration recorded.
KH2PO4 (0.01M, 1mL) was added and the pH recorded immediately, and after 1, 4 and
16 hours of on the end over end shaker. The results are presented in Table 13.

Table 13: Response of soil suspension pH over time with varying quantities of Hg solution added, with and
without phosphorus.

Sample
ID
MA1
MA2
MA3
MA4
MA5
MA6

Drops
satd
HgCl2
4
3
2
1
0
0

mL
pH
0.01M P background
electrolyte
1
4.70
1
4.69
1
4.74
1
4.77
1
4.79
0
4.79
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pH initial pH P
P
1hr

pH P
4hr

pH P
16hr

4.66
4.66
4.72
4.74
4.74
4.80

4.69
4.69
4.75
4.78
4.80
4.82

4.70
4.70
4.77
4.81
4.89
4.88

4.67
4.67
4.73
4.76
4.76
4.77
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While performing the pH measurements, it also became apparent that the 3 rd decimal
place of the 3 decimal place pH meter was variable even after multiple calibrations in
succession. It was decided for this reason to switch to a 2.d.p pH meter (Orion 3 Star
pH Benchtop) for the remainder of the analyses. The same electrode was still used.

Based upon these results it is likely that the previous unexpected pH rises recorded
post-incubation were the result of microbial activity, which has been effectively
rectified with mercury. It was concluded that four drops of saturated Hg was a robust
amount to use. From Table 14, it can be seen there is definitely a pH change present
which is directly a result of the HgCl2 additions. This was accommodated by preparing
the background electrolyte solution with the HgCl2 already added, obviating the need
for a post-Hg addition pH measurement. The amount added was equivalent to that
required to produce a final Hg concentration identical to the dilution of four drops
saturated HgCl2 into the 19 mL electrolyte.

Table 14: ULL2 soil suspension pH dropwise response to the saturated HgCl2 solution.

Drops saturated HgCl2

pH

0 (background electrolyte)

4.72

1

4.69

2

4.64

3

4.61

4

4.58

5

4.55

To ensure that no change occurs overnight as a result of the Hg and not the P, 4 g
samples of ULL2 with and without the Hg in the 0.01M KCl background electrolyte
were shaken for 16 h, and the initial and final pH values recorded (Table 15).
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Table 15: Overnight pH responses of ULL2 KCl soil suspensions with and without Hg added.

ID

Background electrolyte

pH background
electrolyte

pH 16hr incubation

ULL2a

0.01M KCl

4.92

5.07

ULL2b

0.01M KCl

4.93

5.11

ULL2c

0.01M KCl + 0.0066M Hg2+

4.83

4.83

ULL2d

0.01M KCl + 0.0066M Hg2+

4.83

4.84

ULL2e

0.01M KCl + 0.0066M Hg2+

4.84

4.84

It is clear that the overnight pH of the samples containing 0.066 M mercury was very
stable, supporting the earlier inference that it was microbial activity that caused the
unexpected rise in pH. The necessity for an effective antimicrobial was confirmed and
HgCl2 was concluded to be suitable.

The final coadsorption method described in Trial 2 was then retrialled for ULL2 with
this HgCl2 modification, and the results obtained are given in Table 16. In Trial 1 there
appeared to be no difference in terms of calculated sorbed H + precision between the
soil pH buffering and back-titration.

As the change in pH recorded after overnight shaking with P was too small to backtitrate (0.01 pH units), the amount of H+ sorbed was taken as the amount of H+ added
initially, making the assumption of 100% proton adsorption.

A decision was made that the back-titration was to be the method of choice, as it is a
more direct method of attaining the free H+. The soil pH buffering makes an
assumption of linearity in the pH buffering curve, and this is discussed in section 4.4.
Table 16: Overnight pH responses of ULL2 KCl soil suspensions with and without Hg added. Negative P
sorbed indicates desorption of P into solution from the soil.
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Sample
ID

pH
initial

pH after
P
addition

Initial
PO4
conc
(mg/L)

Final
PO4
conc
(mg/L)

P sorbed
(mmol/g)

H
sorbed
(mmol/g)

Coadsorption
Ratio

ULL2a

5.03

5.02

48.03

5.379

2.22 E-01

0.500

2.25

ULL2b

5.07

5.06

38.81

3.79

1.82 E-01

0.404

2.22

ULL2c

5.06

5.05

29.41

2.037

1.42 E-01

0.306

2.15

ULL2d

5.06

5.05

19.81

0.634

9.98 E-02

0.206

2.07

ULL2e

5.07

5.05

10.01

0.216

5.10 E-02

0.104

2.04

ULL2f

5.08

5.07

0

0.115

-5.99 E-04

0

N/A

3.3.4 TRIAL 4- ADDITIONAL DATA QUALITY ASSURANCE
ACID-BASE STOICHIOMETRY
Of great importance to the co-adsorption method developed thus far is that acid/base
titrations follow the theoretical 1:1 equivalence ratio, i.e. that the reaction is
stoichiometric. If the titration is not stoichiometric, then the estimate of adsorbed
protons will be inaccurate. To examine this experimentally, the 19 mL background
electrolyte (0.01M KCl + Hg) was added to 0.5, 1, 1.5 and 2 g of ULL2 soil and the pH
recorded. Next, 1.00 mL of approximately 0.04M HCl was pipetted into the samples
and allowed to shake for 1 hr. A 0.04M solution of NaOH was used to back-titrate the
soil suspensions to the initial pH. The same NaOH solution was also used to
standardise the HCl. Dividing the OH- required to return the suspension to the intial pH
by the H+ added gives the acid-base stoichiometry (see Table 17).

The acid base stoichiometry data obtained for soils was closer to the ideal 1:1 ratio
than for goethite. However, within both substrates an approximate 10-20% positive
bias was present in the amount of base required to return the suspension to the
original pH. It was therefore concluded that the buffering effect of bicarbonate may
have influenced the stoichiometry.
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SOIL SUSPENSION PURGING
As discussed within section 2.3.1, the CO2/H2CO3/HCO3- system is an important pH
buffer in aqueous systems. Although the mercuric chloride is presumed to have
effectively halted microbial activity and prevented the production of microbial CO2, it is
still possible that an imbalance of bicarbonate exists which is affecting the acid base
stoichiometry of the back titration. This is due to the potential for dissolved CO 2 and
HCO3- being present in the solutions used, despite best efforts taken to prevent this as it is difficult to maintain this condition.

To estimate the effect of bicarbonate on pH measurements, the soil and goethite
samples were then re-trialled for both the acid-base stoichiometry and H:P coadsorption methods, while under two different suspension CO2 equilibria atmospheric pressure (partial pressure 400 ppm, ESRL 2014) and in total absence
(purging under N2). A stable CO2 equilibrium can be achieved by purging the soil
suspension with desired gases, which creates a set of standard conditions in the soil
suspensions (temperature and CO2 partial pressure).
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Table 17:Acid-base titration stoichiometry conducted with and without goethite or soil (ULL2) present.
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In the atmospheric CO2 trial, ambient air was humidified to minimise evaporative
losses from the test solution, and then bubbled through soil suspension samples. A
schematic of the purging setup used is given in Fig 12. An aquarium pump was used to
create the flow. The pH was observed to increase slightly during the procedure when
purging soils, and purging was extended was until a stable pH reading was attained.
Table 18 gives the results of this trial.
Table 18: Acid-Base stoichiometry of ULL2 soil suspensions after purging with ambient air.

Sample ID
ULL2a
ULL2b
ULL2c

pH background
electrolyte
4.91
4.90
4.91

pH
purging
4.96
4.95
4.93

after Temperature
(oC)
20.9
20.9
21.0

Ambient Air Inlet

Acid:Base Ratio
1:1.120
1:1.120
1:1.067

Sample Tube
Aquarium Pump

Humidifier

Figure 12: Annotated diagram of the setup used to purge the samples with ambient air (Adapted from
AZIC 2014).

While purging the goethite suspensions with ambient air, a rapid and substantial rise in
pH was observed. This was then further explored to understand the full implications of
the data obtained, and the results of this are given in section 4.3.2.

An assumption was made that there is likely an unknown reaction occurring within the
sorbent system as a result of the purge. Given that purging the test soil made little
difference to the acid base stoichiometry, it was decided that no future purging will be
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employed on the soil samples for the proton phosphate co-adsorption method.
COMPARATIVE SORPTION OF OTHER P SPECIES
An important aspect in validating the developed H+:P cosorption method, is whether
the same ratio can be produced when adding a form of orthophosphate with a
different level of protonation (H3PO4, HPO42- or PO43-). The cosorption method was
trialled on the RO and KA soils substituting KH2PO4 for 0.0073M H3PO4. The sorption
ratio calculated should be the same as that for KH2PO4, but the free proton
concentration measured must reflect that three moles of H+ have been added per
mole of P, rather than two.
+

Table 19: Measured H :P coadsorption ratios for soil using phosphoric acid as the P form in the soil
+
suspension additions. Quantities of P adsorbed and H are given as the absolute total.

Sample
ID

pH
initial

mL
0.0073M
H3PO4

pH final

mL
0.001M
KOH

P sorbed
(moles)

+

H sorbed
(moles)

Coadsorption Ratio

RO1a

4.28

1

4.15

7

7.45 E-06

1.52 E-05

2.04

RO1b

4.29

0.75

4.2

4.55

5.26 E-06

1.12 E-05

2.13

RO1c

4.29

0.25

4.26

2.15

1.58 E-06

3.21 E-06

2.03

RO1d

4.29

0

4.29

0

-9.61 E-07

0

N/A

It was clear from these results in Table 19 that an apparent pH decrease was occurring
in the soil suspensions after adding this form of P, and required significantly more base
to return to the original pH. When calculating the amount of H+ and P adsorbed, it was
found that the coadsorption ratio behaved very close to a 2:1 ratio. This indicates that
the adsorbed species is still H2PO4, and that the excess protons remaining contribute
to the pH decrease.

3.4 FURTHER SECONDARY DATA
In addition to primary co-adsorption data gathered with the method developed in this
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study, additional previous data was also sourced from NSW DPI. This data contains P
sorption measurements on the same six soils as those used in this study, with the soil
pH measured after each P addition. The methodology used is given in Carlson-Perret
(2012). This dataset is considered an extension of the primary co-adsorption data
gathered within this study, and will provide the bulk analysis required to test the
conclusions made on soil proton-phosphate dynamics.

However, it is critical to note that these data were gathered with a focus on P
adsorption determination, rather than both proton and P adsorption. No back titration
of the soil suspension was made after adding P, only a measurement of pH; and thus
the pH buffering constants of the soil samples will be used to calculate the H+:P coadsorption ratio.

3.5 CONCLUSION
This chapter has described the development of the laboratory method to determine
the H+:P ratio of proton co-adsorption with orthophosphate for soils. It was then
shown through further quality assurance measures that several features within the
experimental conditions used (ambient CO2 partial pressure and back titrating with
KOH) were valid approaches to calculating sorbed H+ in soil systems. The final method
detailed in Trial 3 was then used to measure the H+:P co-adsorption for the six soils in
Table 4 of this chapter.
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CHAPTER 4- RESULTS AND DISCUSSION
4. 1 INTRODUCTION
This chapter is separated into three sections. Section 4.2 describes the results of the
soil H+:P coadsorption experiments, as well as the DOC and ICP analysis of residual
sample supernatants. The results of the experiments conducted on goethite (purging
and H+:P coadsorption) are given in Section 4.3, and finally the analysis of bulk P
sorption data gathered by NSW Department of Primary Industries and UoW are
discussed in Section 4.4.

4.2 LABORATORY ANALYSIS RESULTS
This section discusses the general results observed from the H+:P cosorption ratio
measurements, and the subsequent ICP and DOC analysis of select supernatants after
this procedure.

4.2.1 H+:P COADSORPTION RATIO MEASUREMENTS
Of the six soils subject to cosorption analysis with the developed method, only that
with the greatest P sorbing capacities (i.e RO soil) (see Appendix I and II for details) had
the P fertiliser pre-treated samples analysed as well, in addition to the untreated
samples. This was due to concerns over desorption of P into solution from soil
surfaces, which would greatly interfere with the analysis. Desorption results in a
significant positive error for the colorimetric free P measurement, which then
introduces an error in the determination of P adsorbed, as it is subtracted from the
initial to calculate P adsorbed.
The results in Table 20 show that across the range of soil samples examined the H+:P
cosorption ratio was very close to 2:1 for most samples (average deviation from 2:1 = ±
5.8%). The <1 mm fraction was used as opposed to <250 µm to more closely represent
soil field conditions. The MO6 soil produced the greatest deviation, with coadsorption
ratios between 2.07 and 2.57. The P fertiliser pre-treated subsamples of this soil
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produced slightly higher coadsorption ratios than the untreated samples.
Table 20: Measured proton:P coadsorption ratios for a range of initial P concentrations on each soil
sample. Initial pH values (pHi) were measured in 4 g of soil and 20 mL background electrolyte (0.01M
KCl, 0.0066M HgCl2). Negative P sorbed indicates desorption and <LOD = below the instrument limit of
detection.
Sample
ID

pHi

D2a
D2b
D2c
D2d
FL2a
FL2b
FL2c
FL2d
KA1a
KA1b
KA1c
KA1d
MO2a
MO2b
MO2c
MO2d
MO6a
MO6b
MO6c
MO6d
MA1a
MA1b
MA1c
MA1d
RO1a
RO1b
RO1c
RO1d
RO3a
RO3b
RO3c
RO3d
RO6a
RO6b
RO6c
RO6d
RO10a
RO10b
RO10c
RO10d

5.19
5.12
5.12
5.11
5.09
5.08
5.09
5.08
4.9
4.9
4.89
4.89
4.85
4.85
4.85
4.86
4.88
4.88
4.89
4.88
4.32
4.32
4.32
4.32
4.29
4.28
4.29
4.28
4.32
4.33
4.33
4.33
4.38
4.37
4.37
4.37
4.43
4.43
4.43
4.44

mL
0.01M
P

pH
final

1
0.75
0.5
0
1
0.75
0.25
0
1
0.75
0.25
0
1
0.75
0.25
0
1
0.75
0.25
0
1
0.75
0.25
0
1
0.75
0.25
0
1
0.75
0.25
0
1
0.75
0.25
0
1
0.75
0.25
0

5.11
5.05
5.07
5.10
5.08
5.08
5.08
5.08
4.89
4.89
4.89
4.89
4.83
4.84
4.84
4.86
4.87
4.87
4.88
4.88
4.31
4.31
4.31
4.32
4.28
4.28
4.28
4.27
4.32
4.33
4.33
4.33
4.37
4.37
4.37
4.37
4.43
4.43
4.43
4.44

mL
%P
0.001M adsorbed
KOH
1.6
1.2
0.75
0
0
0
0
0
0
0
0
0
0.75
0.7
0.3
0
0.25
0.15
0.05
0
0.4
0.35
0.1
0
0
0
0
0
0
0
0
0
0.4
0
0
0
0
0
0
0

62.45
67.13
65.04
N/A
91.17
90.98
85.31
N/A
90.02
90.66
85.86
N/A
93.17
90.17
78.32
N/A
92.10
88.51
72.52
N/A
99.37
99.32
98.61
N/A
99.72
99.49
98.49
N/A
94.95
94.27
99.05
N/A
96.27
95.38
98.41
N/A
94.37
95.19
83.72
N/A

P sorbed
(moles)

H+
sorbed
(moles)

6.24 E-07
5.16 E-07
3.42 E-07
-1.11 E-07
4.56 E-06
3.50 E-06
1.15 E-06
-1.37 E-07
4.52 E-06
3.49 E-06
1.16 E-06
-1.27 E-07
9.32 E-07
6.92 E-07
2.11 E-07
-6.20 E-08
9.20 E-07
6.80 E-07
1.96 E-07
-9.48 E-08
9.92 E-06
7.64 E-06
2.66 E-06
-5.36 E-08
9.96 E-06
7.64 E-06
2.66 E-06
-5.16 E-09
9.48 E-07
7.24 E-07
2.67 E-07
<LOD
9.64 E-07
7.32 E-07
2.66 E-07
-4.16 E-08
9.44 E-07
7.32 E-07
2.26 E-07
<LOD

1.36 E-06
1.06 E-06
7.52 E-07
0
1.01 E-05
7.68 E-06
2.62 E-06
0
1.01 E-05
7.68 E-06
2.62 E-06
0
1.78 E-06
1.38 E-06
4.24 E-07
0
1.90 E-06
1.48 E-06
5.04 E-07
0
1.98 E-05
1.52 E-05
5.20 E-06
0
2.00 E-05
1.54 E-05
5.24 E-06
0
2.00 E-06
1.54 E-06
5.40 E-07
0
1.84 E-06
1.54 E-06
5.40E-07
0
2.00 E-06
1.54 E-06
5.40 E-07
0

H/P
coadsorption
ratio
2.18
2.05
2.20
N/A
2.22
2.19
2.28
N/A
2.24
2.20
2.26
N/A
1.91
1.99
2.01
N/A
2.07
2.17
2.58
N/A
2.00
1.99
1.95
N/A
2.01
2.01
1.97
N/A
2.11
2.13
2.02
N/A
1.91
2.10
2.03
N/A
2.12
2.10
2.39
N/A

There was no measureable pH change in all variants of fertiliser pre-treated RO soils
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after shaking overnight; however, the lower P sorbing soils (D, MA) did produce pH
decreases, though only between 0.05 - 0.1 pH units. This is likely, but not certain, to be
consistent with the cosorption ratios obtained, as it indicates that all added H + became
bound to the soil surface after overnight equilibration. The temperatures of the soil
suspensions had little variation diurnally, with the maximum range being from 20.8 21.3oC. Tightly controlling soil suspension temperature during equilibration is a difficult
task, however the Ka values of dissolved organic acids with O-H as the proton donating
bond are generally considered stable with temperature (Monzyk and Crumbliss 1980).

Some of the fertiliser pre-treated samples of the low P adsorbing soils were analysed
for coadsorption, but the data obtained was considered invalid from obvious errors in
the measured free and bound P. This was due to final P concentrations being
substantially greater than the range of initial P concentrations, representing
desorption of P from soil exchangeable sites. When no pH change was recorded after
equilibration, the assumption was made that H+ added (equivalent to twice the initial P
concentration for KH2PO4) was the same as the H+ adsorbed. The quantities of H+
sorbed were very linear with respect to P added (and thus in most cases P sorbed) (see

H+ adsorbed (µmoles)

Fig 13), demonstrating appropriate precision in the results obtained.

-0.2

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

R² = 0.9981

0

0.2

0.4

0.6

0.8

1

P adsorbed (µmoles)

+

Figure 13: Response of sorbed H with sorbed P for the MO2 soil; quantities are given as the absolute
total.
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The vast majority of P additions produced zero or negligible 𝚫pH after equilibration;
however, this was not due to the added quantities being insufficient to produce a
measureable change.

If assuming the H+:P cosorption ratio of 1.6:1 found in

Rahnemaie et al (2007), the varying quantities of KH2PO4 added (0.01M, 0.005M or
0.001M), are believed to have been enough to produce a measureable pH change (see
Tables 21-22). The minimum possible pH change which theoretically should have been
observed assuming a 1.6:1 ratio and 100% P sorption is 0.08 units for the MO soil, and
0.18 for RO and MA soils. This was deemed to be well within the detection limit of the
pH electrode even after factoring in background variability.

Table 21: Theoretical calculated pH change for the P additions made on the RO and MA soil suspensions, which
+
were at pH 4.3 in the background electrolyte, taking a 1.6:1 H :P cosorption ratio and assuming 100% P sorption.
+

KH2PO4
concentration
(mol/L)

mL added

Initial P conc
(mol/L)

Free H (mol/L)
after 1.6:1
sorption

ΔpH at pH 4.3

0.01

1

0.0005

0.0001

-0.48

0.01

0.75

0.000375

0.000075

-0.40

0.01

0.25

0.000125

0.000025

-0.18

Table 22: Theoretical calculated pH change for the P additions made on the MO soil suspension, which was at pH 4.85 in the
background electrolyte, taking a 1.6:1 H+:P cosorption ratio and assuming 100% P sorption.
+

KH2PO4
concentration
(mol/L)

mL added

Initial P conc
(mol/L)

Free H (mol/L)
after 1.6:1
sorption

∆pH at pH 4.85

0.001

1

0.00005

0.00001

-0.25

0.001

0.75

0.0000375

0.0000075

-0.20

0.001

0.25

0.0000125

0.0000025

-0.08

The other soil samples had higher initial pH values, so the theoretical pH changes were
assumed to have been greater than or equal to these calculated values.
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It is important to consider the action of soil pH buffering during the coadsorption
experiments. The stability measurements in section 3.3.3 demonstrated that no
apparent processes were consuming H+ during the overnight incubation. However, it
cannot be concluded from the data available whether the H+:P coadsorption ratio is
definitely 2:1, or if the ratio for soils is the same as the non-stoichiometric ratio for
goethite in Rahnemaie et al (2007) because processes occurring within the system are
masking any apparent pH change.

The soil system chemistry is extremely complex, and contains a variety of potential
sorbents of P, including a variety of clay minerals (largely dependent upon parent
material) as well as organic molecules (Herlihy and McGrath 2007). Goethite is only
one of many sorbents of P that can be present in soils, and the stoichiometry of H2PO4sorption for these other soil sorbents is not known. Some of the lower P sorbing soil
samples (KA, FL) consistently produced coadsorption ratios slightly greater than 2:1
(between 2.18 and 2.26). It is not known whether this is a manifestation of
experimental errors (such as desorption and uncertainties in the pH measurements
stemming from carbonate) or the actual ratio for such soils.

The pH measurements, and thus adsorbed protons calculated, may potentially have
also been affected by the release of hydroxyl groups (OH-) into solution during
adsorption of H2PO4-, which would raise the suspension pH. Though unknown at the
time of this study how impactful hydroxyl ligand exchange would be for soils, it has
been reported on pure goethite that H2PO4- sorption released OH- quantities between
29 and 37%, compared to the molar P sorbed (Yamaguchi et al 1996). The surface sites
available for P sorption in soils are seldom unoccupied; they are typically filled by
species, whether phosphate or other anions e.g sulfate (Ajwa 1993, pg 2). If sorbing P
on these surfaces is more favourable than other anions already bound, then it will bind
instead and displace other species into solution (Sposito 2008). In producing the H+:P
coadsorption ratios, it was assumed that this proportional hydroxyl desorption from
the metal oxyhydroxide portion of the clay fraction would not be prevalent enough to
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affect the proton measurements.

Without detailed spectroscopic studies available for this study, it is difficult to
ascertain whether OH- is displaced as a result of P adsorption. In an attempt to
understand the behaviour of H+ and P during the adsorption process, the remnant
post-coadsorption supernatants were analysed for common ions with ICP-AES, and the
results are presented in section 4.2.2.
It is also important to note that aqueous bicarbonate (HCO3-) was present throughout
the pH analyses of the suspensions. While control of this variable was attempted
during method development, complications were encountered when purging goethite
with ambient air, which suggested the presence of an unknown reaction occurring
during this process. In the absence of purging, these results also make the assumption
that no CO2 is being produced from extraneous processes such as microbial
decomposition, as inferred from the stable pH readings recorded on the various test
soils in the method development. If the carbonate partial pressure changed during the
experimental, then the different will HCO3- concentration will affect the measured pH.

Though not used for this study, analytical grade N2 to expel aqueous CO2 at each pH
measurement step would eliminate the carbonate variable, and is an aspect that
requires significant attention for future H+:P coadsorption analyses on soils. N2 purging
also creates a set of standard conditions for the pH analysis, including temperature
and the degree of soil integration in the suspension, and the removal of CO2.

The MA and RO suspension pH with the background electrolyte was also at a pH where
clay breakdown and dissolution of Al (mostly Al(OH)2+ and Al(OH)2+) can occur. These
species both have a high affinity for P and readily precipitate it- the process of which is
different to adsorption. Though uncontrollable with the current method, it was
assumed that this did not occur on a scale to influence the overall percent of P
adsorbed by the soil clay fraction. This was due to the fast kinetics of P adsorption
(Hamdi et al 2014). Nevertheless, it is definitely an important area for future research
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into soil H+:P methodologies to accommodate for very acidic soils.

It was also noted that for many soil samples small amounts (<2 mm diameter) of
organic matter (roots and other plant fragments) were present in reaction vessels,
despite attempts to eliminate this fraction. Future work in this area should definitely
consider the effect of this material in soil pH analysis, and look at preparation methods
that can effectively remove such material from soil in a cost and time effective
manner.

DATA IMPLICATIONS
From the data obtained on the H+:P coadsorption of KH2PO4, two possible conclusions
were made:


That the ratio is stoichiometric (2:1) for soils, adsorbing the entire H2PO4species.



That the ratio is non-stoichiometric, such as the 1.6:1 ratio found in Rahnemaie
et al (2007) for goethite (at pH 3.98), but the excess protons are buffered
through soil cation exchange processes.

Though it cannot be definitively concluded from the data available in this study which
interpretation is correct, the latter brings potential implications for long term land
degradation associated with P fertilisers in the form of H2PO4-. Though no immediate
soil pH change has been measured from P additions, if excess protons are generated
from a non-stoichiometric adsorption of H2PO4- then it is highly probable that these
are immediately attracted to soil clay fraction surfaces, and exchanged with other
cations. This consequently means that the accumulating acidity will be gradually
released into soil pore water with future cation additions (including further fertiliser)
as H+ is displaced from the associated ionic strength equilibrium shift in the electric
double layer of environmental colloids.

Soil acidity is an already critical issue pertaining to agriculture, especially within an
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Australian context (Gazey 2009). If the soil is too acidic, crop yields (such as wheat) can
be reduced to 20-30% of the expected values, and some legumes planted may cease to
exist in such extreme conditions (Gazey 2009). Land use prospects are limited in such
circumstances and greatly impact farm finances.

In applying the knowledge gained from these results in the context of agriculture,
several limitations need consideration. Soil laboratory studies heavily prioritise sample
homogenisation in order to achieve data precision (Schumacher et al 1990). Both the
three test soils studied during the method development and the six primary samples
analysed with the finalized procedure were all ground and sieved to a particle size of
<1 mm. Undisturbed soils in nature are commonly aggregated into a structure (Fig 1,
Section 2.1.2), which will produces a smaller capacity to adsorb P than that of ground
laboratory samples. Nevertheless, it is still regarded as vital to homogenise samples in
order to maximise data repeatability, and thus the power of conclusions drawn. The
salt KH2PO4 does not fully represent typical forms of modern P fertilisers initially added
to soils in Australia such as single superphosphate (ABS 2013); nonetheless any P
solubilised from this material is likely to be as orthophosphate (Talibudeen 1978;
Mendoza-Cortez et al 2014).

The use of controlled field trials would be necessary to understand how the additions
of these more commercial forms of P change the soil proton budget and pH. A budget
with regards to environmental chemistry is a term used to describe the mathematical
modelling of the generation and consumption of a species over time. In doing this for
protons it is possible to ascertain how the acidity of a soil is changing (whether
increasing or decreasing) and at approximately what rate.
Although developing H+ budgets of natural systems has been difficult due to the
complicated factors involved, previous studies have been able to successfully predict
proton inflows and outflows in field plots (Nakagawa et al 2001; Wakamatsu et al
2001; Forsius et al 2005; Fujii et al 2009) .
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4.2.2 POST COADSORPTION DOC AND ICP
The filtered supernatants of the soil suspensions from the H+:P coadsorption
procedure were then subject to further analyses- dissolved organic carbon (DOC) and
Inductively Coupled Plasma- Atomic Emission Spectroscopy (ICP). For each soil sample
the highest P treatment and blank were analysed for DOC and the elements Ca, Mg,
Na, P and S by ICP. The combined results are presented in Table 23.
The supernatant sulfur concentrations (assumed present as SO42- due to the low
suspension pH) ranged from 1 - 6.3 mg.L-1 which is relatively comparable to the lowest
initial P concentration used (4.85 mg.L-1). It is important to note that while the FL, KA,
MO supernatant S concentrations were about 2 - 3 times higher than the other soils,
the average of P adsorption was 89, 88 and 87% respectively in the H+:P cosorption
analysis (Table 20).
Table 23: Sample supernatant concentration of dissolved organic carbon (DOC) and various elements measured by ICP-AES.
Samples adjusted taking the background electrolyte (0.01M KCl, 0.006M HgCl2) as the sample blank.

Sample
ID

Initial DOC
P
(mg/L)
conc
(mg/L)

Calcium Magnesium
(mg/L)
(mg/L)

Sodium
(mg/L)

Phosphorus
(mg/L)

Sulfur
(mg/L)

RO1A
RO1D
RO3A
RO3D
D11A
D11D
D2A
D2D
D6A
D6D
FL2A
FL2D
KA5A
KA5D
MO2A (1)
MO2A (2)
MO2D (1)
MO2D (2)
MO5A
MO5D

48.48
0
4.85
0
48.48
0
4.85
0
4.85
0
24.24
0
4.85
0
4.85
48.48
0
0
4.85
0

48.18
53.47
64.44
69.25
32.11
29.11
14.83
14.88
25.02
21.85
98.60
91.62
83.59
88.45
72.90
111.15
58.95
81.99
142.04
113.61

15.78
15.27
19.54
20.02
8.43
7.73
9.38
9.62
8.06
6.28
24.85
23.86
22.61
23.86
24.62
33.63
17.80
26.52
22.88
23.75

0.20
0.13
0.34
1.73
6.31
5.71
2.13
5.41
1.00
1.28
0.73
0.67
1.07
1.04
1.13
0.51
0.21
0.40
3.24
2.97

1.58
1.47
1.94
2.16
1.01
1.00
0.99
2.19
1.07
1.04
4.81
4.49
3.80
4.14
3.58
5.17
2.81
3.75
5.31
6.37

108.22
109.96
125.44
134.41
56.64
44.54
48.09
55.81
57.58
50.27
133.60
127.47
167.63
183.31
99.55
114.21
129.62
111.22
132.23
142.19

15.61
17.48
21.18
22.37
3.60
3.41
2.68
2.46
3.63
3.26
32.75
31.44
39.80
42.12
20.78
31.00
16.48
23.45
24.69
26.76
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This is greater than the D soil which had a 65% P sorption. It can be only inferred from
the data available that the adsorption of phosphate is likely independent of sulfate,
with no evidence of competition in adsorption exists between the two anions.
However, the sample size is very small (n = 4) per treatment, and more replication is
needed for more conclusive outcomes.

The other species Mg, Na and DOC also showed very little variation in supernatant
concentration between the P treated and untreated samples. Most of the
concentrations were almost identical, displaying no particular pattern throughout the
untreated samples and varied initial P levels for all soils. The level of disparity recorded
was in the order of around a 5% difference in either direction which was not
considered significant. The variability of soil extract replicates should be minimal as
long as the solid phase separation is done promptly and samples are stored below 4oC
(MacDonald et al 2007), which was done in this study.

Between the sample cations, only the Ca concentrations in the MO soil supernatants
were considered significantly different, with the P treated samples being 25-35%
higher than the untreated. It is difficult to discern without further sampling whether
this is a data anomaly, or if the P treatment produced a cation exchange response
specific to the MO soil which resulted in a net release of Ca into solution. Being a
chromosol, MO has similar properties to the FL and KA, soils which demonstrated the
same response as all other samples.
Although it was hypothesised that if a 1.6:1 H+:P coadsorption ratio existed, the soil
extract cation concentration would be larger for the P treated samples, due to cation
exchange buffering the excess protons, this was not supported by the data. It is
evident that the initial P concentration was generally far lower than the cation
concentrations. To produce meaningful data from which clear conclusions can be
drawn, the laboratory method used would need considerable refinement, similar to
that performed in section 3.3. In future coadsorption studies, if spectroscopic
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techniques prove ineffective at identifying the chemical mechanisms and processes
occurring during the adsorption of P onto soil surfaces, then post-treatment cation
analyses may be a key tool for researchers that can be used to provide new insight into
this area.

4.3 GOETHITE ANALYSES
The coadsorption procedure was also conducted upon goethite (FeOOH) to act as a
quality assurance measure for the H+:P sorption ratio studies on soil. It was aimed to
replicate the coadsorption coefficients found in Rahnemaie et al (2007), and the
results of this are described first. The second part of this section extends upon the
unexpected rapid suspension pH rise observed when purging goethite in the method
development.

4.3.1 PROTON:PHOSPHORUS COADSORPTION ANALYSES ON GOETHITE
A goethite-solution ratio of 1:10 was used for suspension analysis. The initial pH of the
goethite suspensions in the 20mL Hg-KCl background electrolyte was lower than the
soils, residing between values of 3.91-3.94. Upon equilibration with the varying
quantities added P, a notable decrease in the goethite suspension pH was recorded.
The relationship between 𝚫pH and the moles of P added was found to be highly linear
(see Figs 14 and 15), and demonstrated that the pH decreases were directly associated
with increased P additions.
-

Figure 14: Goethite suspension pH change relationship associated with the addition of H 2PO4
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-

Figure 15: Goethite suspension pH change relationship associated with the addition of H 2PO4 ,
replicate trial.
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After back-titrating the pH changes with 0.001M KOH, and measuring supernatant P,
the coadsorption ratios were found to be non-stoichiometric (see Table 24). The H+:P
ratios obtained ranged from 1.75-1.85:1, the mean of which were significantly less
than that of those found on soils (P < 0.01).

The disparity between this value and the 1.6:1 coefficient found in Rahnemaie et al
(2007) was attributed mainly to the presence of the carbonate system. The presence of
aqueous HCO3- cannot be ignored even at pH values <4, and follows the same
paradigm discussed for soils in that the partial pressure for CO2 may have shifted
during the 16 h shaking.

Furthermore, the goethite used here was prepared for general laboratory
investigations, and was not synthesised under CO2 free conditions. Consequently,
ligand exchange with P adsorption may act as a source of bicarbonate release into
solution, which would affect the active H+ concentration. Nevertheless, the data
obtained were relatively close to those in Rahnemaie et al (2007), and that the
coadsorption method was indeed producing results that were within ranges found
from previous research. This is aside from minor errors that were uncontrollable with
given materials and time for the project.
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Table 24: H+:P coadsorption ratios produced for goethite, H+ and P sorbed values are for the absolute total moles, and negative
values indicate P desorption. Initial pH values are for the suspension in the background electrolyte only.

pH
initial

Sample
ID
GP1
GP2
GP3
GP4
GP5
GP6

3.91
3.91
3.92
3.91
3.91
3.91

mL
0.01M P

pH final

1
0.8
0.6
0.4
0.2
0

3.58
3.65
3.71
3.77
3.82
3.90

mL
%P
P sorbed
0.001M sorbed (moles)
KOH
6.5
99.2
2.48 E-05
4.2
99.4
2.03 E-05
2.85
99.4
1.55 E-05
1.8
99.7
1.06 E-05
0.85
99.5
5.40 E-06
-8.41 E-09

H+
sorbed
4.35 E-05
3.66 E-05
2.84 E-05
1.95 E-05
1.00 E-05
-

H/P
coadsorpti
on ratio
1.75
1.81
1.83
1.84
1.85
-

4.3.2 AMBIENT AIR PURGING OF GOETHITE SUSPENSIONS
A part of the method development stage attempted to control the carbonate influence
through purging the samples, trialling ambient air and N2. However, while purging
goethite suspensions (1 g per 20mL electrolyte + P) first with air, a rapid rise in pH was
consistently recorded among multiple replicates (see Table 25). The pH rise continued
even during overnight purging, increasing a total of 2.5 pH units over 16 hours.

Table 25: pH response of goethite suspensions to purging with ambient air, initial pH values are for the suspension in the
background electrolyte only. 20min-16h purge data not available for samples G3-G6.

Sample ID
G1
G2
G3
G4
G5
G6

Suspension pH
Initial
5 min
3.94
4.17
3.94
4.1
3.94
4.13
3.94
4.22
3.94
4.16
3.94
4.18

10 min
4.39
4.28
4.3
4.41
4.27
4.32

20 min
4.61
4.44
-

60 min
5.02
4.88
-

16 h
6.42
6.55
-

Although apparently unusual, this rapid shift in proton dynamics can be accounted for
through several possible mechanisms:
 A slow displacement of adsorbed HCO3- from goethite surfaces, which reacts
with H+ to form H2CO3, and then CO2 (which is outgassed by the purge) and
water.
HCO3- (aq) + H+(aq) → H2CO3 (aq) → CO2 (aq) + H2O (l)
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 Rapid adsorption of HCO3-

(aq)

onto the goethite surfaces, displacing hydroxyl

(OH-) from ligand exchange. Pumping air into the suspension provides a
continuous source of this species as the CO2 (aq) equilibrium is continually reestablished.

It was definitely apparent that an unanticipated response occurred as a result of the
purge, and thus was decided not to purge any future samples. The pH of the water in
the humidifier after purging was 6.90, but no visible volume change occurred during
the day purging, and overnight the suspension volume change was observed to have
only decreased very slightly. Contamination from the humidifier water was not
considered an issue which would have affected these results.

4.4 FURTHER COADSORPTION DATA- SUPPLIED BY NSW DPI
The results of past P adsorption data gathered by laboratory analysts at NSW DPI are
discussed in this section. The data was not specifically gathered for proton
coadsorption studies, but for understanding how successive P additions changed the P
adsorbed of each fraction. However, the suspension pH was measured before and
after P added, allowing a H+:P ratio to be produced from the known soil pH buffering
constants.
Although estimating H+ adsorbed from the soil pH buffering was found during method
development to produce more variable data than the back-titration, no alternative was
available. Within the Tables (Tables 26 – 31) each single soil suspension (1:10 ratio,
50mL 0.01M CaCl2 electrolyte) (Carlson-Perret 2012) was treated with successive,
increasing P additions then the initial and final P was measured at each stage. The pH
was also measured after equilibration, and then subtracted from the initial before P
was added.
The H+:P ratios agreed well with those found using the method developed in this study,
hovering around 2:1. Although the pH appeared to consistently decrease with P, the
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change itself was incrementally small (typically 0.02 pH units) and was also matched by
the increased remainder of P. All levels of P pre-treated samples were analysed, again
most of these samples produced obvious P desorption, and were not usable for
producing a H+:P coefficient. RO soil was the only one that did not suffer from
desorption, and the full range of coefficients found for the P treated samples is given
in Appendix VI.

Table 26: Sequential additions of P as KH2PO4 to MO2 soil suspensions (soil solution ratio 1:10), initial pH = 4.88, soil pH
buffering constant = 0.0238∆pH.(mMol OH.5g)-1. P and H+ sorbed are absolute values.

ID

MO 2i
MO 2i
MO 2i
MO 2i
MO 2i
MO 2i

pH after
P initial ΔpH
equilibration (mg/L)

4.87
4.87
4.86
4.85
4.84
4.77

1.01
1.99
3.99
4.00
8.08
32.10

-0.01
0.00
-0.01
-0.01
-0.01
-0.07

P final P sorbed H+
(mg/L)
(moles)
sorbed

0.04
0.06
0.1
0.11
0.31
4.93

4.00 E-07
7.96 E-07
1.60 E-06
1.60 E-06
3.21 E-06
1.12 E-05

8.43 E-07
1.64 E-06
3.30 E-06
3.31 E-06
6.68 E-06
2.66 E-05

H/P
coadsorption
ratio
2.11
2.06
2.06
2.06
2.08
2.37

Table 27: Sequential additions of P as KH2PO4 to RO1 soil suspensions (soil solution ratio 1:10), initial pH = 4.28, soil pH
buffering constant = 0.0157 ∆pH.(mMol OH.5g)-1. P and H+ sorbed are absolute values.

ID

RO 1i
RO 1i
RO 1i
RO 1i
RO 1i
RO 1i
RO 1i
RO 1i

pH after
equilibration

P
initial
(mg/L)

4.26
4.23
4.20
4.25
4.26
4.24
4.21
4.24

1.01
1.99
3.99
4.00
8.08
32.10
63.51
125.56

ΔpH

-0.02
-0.03
-0.03
0.05
0.01
-0.02
-0.03
0.03

P final P sorbed H+
(mg/L) (moles)
sorbed

0.04
0.01
0.04
0.02
0
0.6
0.18
0.75

4.00 E-07
8.17 E-07
1.63 E-06
1.64 E-06
3.33 E-06
1.30 E-05
2.61 E-05
5.15 E-05

8.46 E-07
1.66 E-06
3.31 E-06
3.27 E-06
6.66 E-06
2.65 E-05
5.24 E-05
1.04 E-04

H/P
coadsorption
ratio
2.11
2.03
2.03
1.99
2.00
2.04
2.01
2.01

Table 28: Sequential additions of P as KH2PO4 to KA1 soil suspensions (soil solution ratio 1:10), initial pH = 5.23, soil pH buffering
constant = 0.0234 ∆pH.(mMol OH.5g)-1. P and H+ sorbed are absolute values.

ID

KA 1i
KA 1i
KA 1i
KA 1i

pH after
P initial ΔpH
equilibration (mg/L)

5.25
5.21
5.19
5.20

0.48
1.99
3.99
4.00

0.02
-0.04
-0.02
0.01

P final P
(mg/L)
sorbed
(moles)
0.07
0.16
0.51
0.49
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1.69E-07
7.55E-07
1.44E-06
1.45E-06

H+ sorbed

H/P
coadsorption
ratio

3.77E-07
1.68E-06
3.31E-06
3.29E-06

2.23
2.22
2.31
2.27
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Table 29: Sequential additions of P as KH2PO4 to MA1 soil suspensions (soil solution ratio 1:10), initial pH = 4.32, soil pH
buffering constant = 0.0197 ∆pH.(mMol OH.5g)-1. P and H+ sorbed are absolute values.

ID

MA 1i
MA 1i
MA 1i
MA 1i
MA 1i
MA 1i
MA 1i

pH after
equilibr
ation
4.35
4.30
4.31
4.33
4.27
4.24
4.24

P initial
(mg/L)

0.48
1.99
3.99
4.00
8.08
32.10
63.51

ΔpH

0.03
-0.05
0.01
0.02
-0.06
-0.03
0.00

P final
(mg/L)

0.02
0.03
0.03
0.02
0
0.37
2.27

P sorbed
(moles)

1.90 E-07
8.09 E-07
1.63 E-06
1.64 E-06
3.33 E-06
1.31 E-05
2.53 E-05

H+ sorbed

H/P
coadsorption
ratio

3.72 E-07
1.68 E-06
3.28 E-06
3.28 E-06
6.71 E-06
2.65 E-05
5.24 E-05

1.96
2.08
2.01
2.00
2.01
2.03
2.07

Table 30: Sequential additions of P as KH2PO4to FL2 soil suspensions (soil solution ratio 1:10), initial pH = 5.42, soil pH buffering
constant = 0.0216 ∆pH.(mMol OH.5g)-1. P and H+ sorbed are absolute values.

ID

FL 2i
FL 2i
FL 2i
FL 2i
FL 2i

pH after
equilibr
ation
5.41
5.36
5.37
5.35
5.29

P initial
(mg/L)

0.48
1.99
3.99
4.00
15.85

ΔpH

-0.01
-0.05
0.01
-0.02
-0.06

P final
(mg/L)

0.11
0.21
0.47
0.44
4.16

P sorbed
(moles)

1.53 E-07
7.34 E-07
1.45 E-06
1.47 E-06
4.82 E-06

H+
sorbed

4.05 E-07
1.69 E-06
3.28 E-06
3.32 E-06
1.31 E-05

H/P
coadsorption
ratio
2.65
2.29
2.26
2.26
2.72

Table 31: Sequential additions of P as KH2PO4 to D2 soil suspensions (soil solution ratio 1:10), initial pH = 5.10, soil pH buffering
constant = 0.0639 ∆pH.(mMol OH.5g)-1. P and H+ sorbed are absolute values

ID

D 2i
D 2i
D 2i
D 2i
D 2i

pH after P initial
equilibra (mg/L)
tion
5.07
4.98
5.01
5.03
5.00

0.48
1.99
3.99
8.08
8.08

ΔpH

-0.03
-0.09
0.03
0.02
-0.03

P final
(mg/L)

0.1
0.4
1.18
3.45
3.42

P sorbed
(moles)

1.57 E-07
6.56 E-07
1.16 E-06
1.91 E-06
1.92 E-06

H+
sorbed

-7.67 E-08
-2.30 E-07
7.67 E-08
5.11 E-08
-7.67 E-08

H/P
coadsorption
ratio
3.02
2.85
2.77
3.46
3.51

Across the sample replicates, repeated additions of KH2PO4 did not change the H+:P
ratio for MO, RO, KA and MA soils, while FL and D showed variability. It appeared that
as long as the P added became adsorbed, the amount of protons brought with it did
not change. This indicates that the chemical structures of P-ligand soil surfaces
complexes also do not appear to change with the degree of P saturation on high
sorbing soils.
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However, it is of critical importance to note the erratic ratios produced for FL2 and D2
soils. Two replicates in D2 displayed H+:P ratios of 3.51 and 2.77 which is a very
significant variation. It is likely that this discrepancy originated from the uncertainties
associated with soil pH buffering constant and the experimental conditions used to
measure it.

In using the soil pH buffering, an assumption was made that the constant could be
scaled multiplicatively to match the quantity of soil used in the P sorption experiment.
The DPI data available for the soil gave the units as ∆pH.(mMol OH.100g)-1, which was
then scaled to ∆pH.(mMol OH.5g)-1 multiplying by 20. The method used to measure
the constant is given in Appendix III. It has also been asserted that soil pH buffering
may not be fit best with a linear function, and that sigmoid functions more accurately
describe it (Nelson and Su 2010). The dramatic imprecision experienced in the H+:P
ratios for the two lowest P sorbing soils (FL and D2) is attributed to the pH buffering
constant being scaled outside of the linear range, and not reflecting the true values.

Although soil pH buffering constants are probably less suited to this very precise
analytical chemistry application, the data variability for the RO, MO, MA and K soils is
generally minimal with a strong indication that the H+:P is 2:1 rather than the value of
1.6:1 for goethite (Rahnemaie et al 2007). The aim of using the DPI data was to add
strength to the conclusions drawn from the primary data gathered in section 4.2, and
this was deemed to be achieved.

4.5 CHAPTER SUMMARY
This chapter has presented the several key elements. Firstly, the developed method to
examine proton phosphate coadsorption in soils was used to gather primary data
which demonstrated a highly stoichiometric (2:1) ratio as the core result. This was then
supported by analysing bulk past P adsorption data from NSW DPI on the same soils.
Although an important first step, the data cannot discern whether the ratio is actually
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2:1, or only apparently so due to other chemical processes hindering the measurement
of a pH change. To further validate the coadsorption method developed in this study, it
was used to replicate the results from Rahnemaie et al (2007) on goethite with
reasonable agreement. The next chapter will lastly summarise the key aspects this
data, and then provide the recommendations for scientific research into
proton:phosphorus dynamics in soils and for P fertilisers and land use.

~ 74 ~

Conclusions and Recommendations

CHAPTER 5- CONCLUSIONS AND RECOMMENDATIONS
The overall conclusions and key aspects of the project results are presented in this
chapter, as well as the practical implications of the coadsorption data for future
fertiliser use. The recommendations for improving the experimental method and areas
for further scientific research to expand on in soil chemical studies are then given.

5.1 CONCLUSIONS
The goal of this research project has been to firstly develop a widely applicable,
accurate, repeatable laboratory method which can be used to determine the
coefficient at which protons and phosphorus adsorb together on soil surfaces.
Although the impact of carbonate on the pH measurements could not be controlled
with ambient air purging, the developed method could adequately reproduce previous
coadsorption data for goethite (Rahnemaie et al 2007), highlighting the validity of the
method.
This method was then used to produce H+:P adsorption coefficients of six Australian
soils of different properties, in order to understand whether H2PO4- sorption for this
substrate behaved like goethite and resulted in accumulated acidity. An apparent
stoichiometric (2:1 ratio) was found, and this was further supported with very similar
results obtained from the analysis of previous data on the same soils gathered by NSW
DPI. It was not discernible whether this was the true ratio, or if the soil was buffering a
non-stoichiometric (i.e 1.6:1) H+:P ratio, and further research in this area is warranted
given the implications for accumulating acidity with P.

Although ICP analyses were inconclusive in producing evidence for soil surface cation
exchange buffering a non-stoichiometric H+:P ratio, high S concentrations (presumed
as SO42-) did not appear to compete or inhibit P sorption.

~ 75 ~

Conclusions and Recommendations

Lastly, this study also aimed to produce management strategies to overcome
phosphorus contamination of water bodies and any potential land degradation from
non-stoichiometric P adsorption. This aspect of the project could not be undertaken
due to time constraints.

5.2 RECOMMENDATIONS FOR FERTILISERS AND LAND USE
Although

the

results

were

not

absolutely

conclusive,

several

important

recommendations can be made to NSW DPI regarding soil management practices on
farms. Targets must be economically feasible for farmers, especially due to the volatile
nature of the industry. With this in mind, the strategies put forth assume a focus on
monitoring rather than physical changes- as these can be just as important in the
process of sustaining optimum crop yields and pasture growth conditions.

The first recommendation is that testing of representative soil samples for Olsen
extractable P (desorbable P) should occur regularly. This is so that an idea of the level
of P saturation in soil surface sites can be created. It was shown in this study that
highly P saturated soils from past extensive P treatments adsorb very little P from any
new additions. This means that for the cropland soils which have been subject to a
heavy P fertiliser application regime, a large excess of the added P will remain in
topsoil pore waters. This labile P is easily lost through surface waters during rainfall
events and represents a wasted resource, as well as enhances the potential for
degradation of environmental waters from algal blooms. Sampling plots (Fig 16) can be
used to somewhat circumvent the expense of mass laboratory testing, through
minimising the samples needed to adequately take a representative sample of the field
soils.
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Figure 16: W-shaped sampling pattern recommended for a 2 ha field (Peters and Laboski 2013),
squares indicate locations to take soil sample cores.

For the soils which present levels of extractable P that can impact waterways from
significant P desorption, typically greater than 50 mg.kg-1 (Horta and Torrent 2007), it
is recommended that application of P fertiliser be reduced, or even ceased- based the
severity of the problem. Where possible, manures should be partly or wholly used as
the crop or pasture P source. Phosphorus in this form is a very cost effective fertiliser
material on farms which store the screed solid manures from livestock areas (such as
dairy feedlots) (Cogger n.d). However, the nutrient content of livestock manure can
fluctuate considerably based on handling, season and diet (especially if given
supplementary feeds) (Pettygrove et al 2010). The amount applied in kg.ha-1 should be
compared to the moisture content, as manure can contain up to 83% moisture
content, with 68% being the median value (Pettygrove et al 2010).

It is also recommended that for areas of high extractable P, that the drainage of these
areas is investigated. Unless the soil is strongly P sorbing (containing a lot of clay
material), then the desorption of phosphate from these soils will be significant,
potentially at concentrations significant to stimulate rapid algal growth. Directing the
surface runoff onto soils that are P deficient will introduce a very economic source of
P, while simultaneously mitigating farm effluent water quality. Surface water runoff
(from precipitation and irrigation) can be directed through topography changes, with
the use of ditches and sumps. Where creating channels is difficult or not economic, the
use of pumps can also assist in the recovery of tailwater.
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Thirdly, it recommended that the representative sample plots of productive soil areas
should be tested for several other parameters on an annual basis (rates of SOM
decomposition, pH, and pore water ion concentrations) at an appropriate time before
and after fertilisation. The aim of doing this is so that the data can be combined using
the methodology discussed in Fujii et al (2009) with rates of harvesting and fertiliser
added to develop a proton budget. This model of soil H+ gains and losses demonstrates
how the soil acidity is changing over time with normal farm productivity. If the rate of
soil proton gains is greater than the sinks (losses) then the soil pH will decline over
time. Controlling the acidification of Australian soils has been one of the biggest
challenges for farmers and will continue to be an issue well into the projected future
(Donnelly 2003).

5.3 RECOMMENDATIONS FOR RESEARCH
The H+:P adsorption ratio on soils is an area of study which has seen little attention in
academic literature, primarily stemming from the complexity of the material, both
chemically and biologically. These complexities were evident during the development
of the laboratory method. While the method was sufficient to produce usable data,
further modifications should be sought for the method in order to improve the
accuracy and precision.

The first of these is to investigate the effects of purging the soil suspensions with
humidified analytical grade nitrogen before and after adding P. This will remove all
CO2(aq), and thus remove aqueous bicarbonate and the associated pH buffering. The
suspension pH and temperature should be logged in real-time during the purging to
establish the baseline conditions before P addition. It was a persistent area of
uncertainty throughout this study whether the pH electrode measurements were
being at least in part influenced by the pH buffering of this species. It is not known
whether this influenced both methods (backtitration and soil pH buffering constant)
to calculate H+ sorbed, as these require a constant require a precise, accurate pH
value.
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Further quality assurance work should also be aimed at understanding whether acidic
soils of pH < 5 dissolve Al in a manner which is significant enough to affect P sorption
on the clay sized fraction. This could be achieved through measuring aqueous Al after
soil suspension equilibration with the background electrolyte across various time
intervals spanning until 16 hours. If found to be impactful, it may be necessary for
future studies to raise the suspension pH above 5 immediately after adding the
background electrolyte to control this.

The use of a highly quality pH electrode and reliable three decimal place pH meter is
also warranted in order to produce the best possible pH data. While a three decimal
place pH meter was accessible for this study, repeated measurements of the same
sample produced considerable uncertainty in the final decimal place. This lead to
results that were only able to be reported at two decimal places, which is less
desirable.

Future laboratory work in the area should also focus on the quality of sample
preparation. During experiments the soil samples used still presented macroscopic
organic material (plant fragments such as roots and leaves) despite the efforts to
remove it. It is not known how this would affect electrode measurements, or whether
or not it would interfere with molybdenum blue active P. The complete removal of
such material is highly time consuming and was not feasible within the boundaries of
the project. No investigations were made in this study to quantify the impact of
remnant organic material, and this should be an area of focus in future soil adsorption
studies.

Additional research into understanding soil proton-phosphate adsorption dynamics
should primarily focus on discerning whether the apparent 2:1 ratio found in this study
is the true ratio, or if the soil is buffering a non-stoichiometric ratio. Multiple
instrumental techniques were discussed that could be potentially be used to
investigate this- such as Infrared Spectroscopy (IR) of soil sorbent surface structures

~ 79 ~

Conclusions and Recommendations

and ICP-AES analysis of the filtered supernatant before and after P addition. The latter
suggestion was trialled in this study, but inconclusive in the results obtained. If retrialling this experiment, far greater amounts of P would be added to the samples, and
the ionic strength of the controls would be matched using equivalent forms of cations.
Regardless, if this or a different approach is used in future studies, an optimisation
process similar to that done for the development of the coadsorption method would
need to occur.
The role of soil organic matter in influencing H+:P coadsorption and soil suspension pH
measurement should also be an area of future investigation. A large amount of
organics (80-110 mg.L-1 DOC) were solubilised from shaking the soil suspension and it
was assumed that this did not impact the chemical analyses. The use of reagents such
as hydrogen peroxide (H2O2) or sodium pyrophosphate (Na2H2P2O7) could be used to
selectively digest SOM, and then the coadsorption experiments repeated on only the
mineral fraction of soils and compared to the results on unmodified soils.

Extending beyond just KH2PO4 additions, a next step for P adsorption studies in soils
could encapsulate understanding whether the H+:P sorption ratio of more common
field P forms such as monocalcium phosphate (Ca(H₂PO₄)₂), also behaves
stoichiometrically. While it can be inferred that if H2PO4- does become the primary
degradation product, then the adsorption of this species should behave the same as
adding H2PO4- directly. However, it is not known whether the increased molecular
complexity will change how the species adsorption, and should be matter investigated
experimentally. It would also be highly desirable for future work to include H + and P
sorption analyses of fertilisers that contain P as well as other elements (e.g inorganic
N, Ca and Mg).
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APPENDIX I
Soil Sample Properties (0-10 cm) from Dougherty et al (2011)

EC = Electrical Conductivity, PBI = Phosphorus Buffering Index, OC = Organic Carbon.
Analyses performed following the methods described by Rayment and Lyons 2010)

Soil ID

-1

EC (dS.m )

PBI

Colwell P

OC (%)

Particle size analysis (%)
Silt
Clay
Sand

KA

0.14

87

41

3.8

17

31

53

FL

0.22

110

49

5.5

19

29

52

MO

0.18

180

55

2.8

34

43

23

MA

0.06

540

19

2.5

30

43

27

D

0.02

22

52

3.7

5

10

85

RO

0.11

1200

34

7.0

19

54

27



Soil Phosphorus Buffering Index is described as the amount of P adsorbed OR
desorbed per unit change in solution.



It is an indication of the soil’s relative affinity to bind P, with higher capacities
having stronger binding potential.
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APPENDIX II

Soil Phosphorus Adsorption Curves from Carlson-Perret (2012)
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APPENDIX III

Soil pH buffering capacity determination
(Source M. Conyers and J. Morrison, pers. comm.)

Purpose: To measure the resistance (buffering) of soil pH to added acid and alkali.
Solutions:

0.01 M CaCl2
0.01 M Ca(OH)2
0.1 M HCl
Methyl red

@74.1 g/mol use 0.741 g/l
(Volucon)
(0.01% in 200 mL EtOH + 300 mL Water)

0.03 M HCl
Borax
Procedure:
Make Ca(OH)2 on the day before use. Stand overnight for dissolution (of carbonated
surfaces). Filter through W541 (fast). Standardise with 0.1 M HCl on the day of addition
to soil samples by titration to methyl red endpoint (red). Two drops of methyl red per
20 ml of Ca(OH)2 are adequate. Commonly the solution is only ~80% of the theoretical
basicity. i.e ~0.008 M.
Make 0.03 M HCl

Standardise against borax as per Vogel.

The batch titration features constant ionic strength (I = 0.03) and soil: solution ratio
(1:5 or as desired). This overcomes artefacts with redistribution of H+ between
solution and adsorbed phases due to variation in background salt concentration or due
to dilution of the soil solution during titration.
Either use a pair of burettes (one for CaCl2 and one for Ca(OH)2 or HCl) or a dispenser
bottle (larger volumes of CaCl2) plus piston 94ipette (smaller volumes of base/acid).
Dispense as follows, for base and acid respectively:
Tube mls

1
2

+ mls

0.01 M CaCl2

0.01 M Ca(OH)2

25
24

0
1

 mls

meq OH/100g
(*)

25
25

0
0.4
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3
.
.
N

23
.
.
0

2
.
.
25

25
25
25
25

0.8
.
.
10.0

* Assuming 100% 0.01 M Ca(OH)2 i.e. 0.02 M OH-.
Note that 0.4 meq/100g is the maximum base added in a ml of Ca(OH)2.
The range selected for a given soil depends on perceived organic matter and clay
content. For weakly buffered soils only 5 mls of Ca(OH)2 is required to reach pH 7.
Or

Tube mls

1
2
3
.
N

+ mls

0.01 M CaCl2

0.03 M HCl

25
24
23
.
0

0
1
2
.
25

 mls

meq H/100g

25
25
25
25
25

0
0.6
1.2
.
15.0

Shake 25 ml:5g soil for 16 hour (overnight) and measure pH in clear supernatant.
Shorter shaking times (e.g. 1 hour) give incomplete reaction of the base but shaking
times of ~ 24 hours often sees anaerobic conditions commence (evidenced by an
increase in pH of an acidic control soil, or a decrease in pH of an alkaline control soil,
compared with a reading at 1 hour).

Calculations:
Plot pH (y) versus OH meq/100g (x). The slope might not be linear for some soils
depending on the pH range of the titration. Either fit a polynomial and take the first
derivative at the point of interest or take a linear estimate over the range of interest.
pH Buffer Intensity, pH, as pH/(meq OH/100g) i.e. the slope of the titration curve.
pH Buffer Capacity, pHBC, as (meq OH/100g)/pH i.e. the reciprocal of the slope of the
titration curve. The latter can also be expressed on a field basis as (kmol/ha)/pH, using
105 cmol/kmol and 1.3 * 106 kg/ha.10cm.
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APPENDIX IV

Soil pH Buffer Curves
(Original data courtesy of J. Morrison)

D2 pH Buffer Curve
14
12

pH

10
y = 0.7513x + 6.2136
R² = 0.8978

8
6
4
2
0
0

2

4

6

8

10

pH

mmol OH/100g

ULL2 pH Buffer Curve

8
7
6
5
4
3
2
1
0

y = 0.1811x + 4.9152
R² = 0.9967

0

2

4

6

8

mmol OH/100g
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KA pH Buffer Curve
12
10
pH

8
y = 0.4688x + 5.5322
R² = 0.982

6
4
2
0
0

2

4

6

8

10

mmol OH/100g

FL pH Buffer Curve
12
10
pH

8

y = 0.4313x + 5.9819
R² = 0.9858

6
4
2
0
0

2

4

6

8

10

mmol OH/100g

MOpHBufferCurve
12
10

pH

8
6

y = 0.4769x + 5.1971
R² = 0.9654

4
2
0
0

2

4

6

mmol OH/100g
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MApHBufferCurve

10

pH

8
6

y = 0.3931x + 4.5292
R² = 0.9952

4
2
0
0

2

4

6

8

10

mmol OH/100g

RO pH Buffer Curve

8

pH

6
y = 0.3132x + 4.5141
R² = 0.9609

4
2
0
0

2

4
6
mmol OH/100g
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APPENDIX V
Quantity of P pre-added to each soil subsample (Carlson-Perret 2012)

~ 99 ~

Appendix

APPENDIX VI

Further H+:P coadsorption ratios from DPI data

Sequential additions of P as KH2PO4to RO3 soil suspensions (soil solution ratio 1:10), initial pH = 4.33,
-1
+
soil pH buffering constant = 0.0157 ∆pH.(mMol OH.5g) . P and H sorbed are absolute values.
ID

RO 3i
RO 3i
RO 3i
RO 3i
RO 3i
RO 3i
RO 3i
RO 3i

pH after
equilibration

P initial
(mg/L)

ΔpH

P final
(mg/L)

P sorbed
(moles)

H+
sorbed

4.29
4.27
4.27
4.28
4.31
4.29
4.27
4.31

1.01
1.99
3.99
8.08
8.08
32.10
63.51
125.56

-0.04
-0.02
0.00
0.01
0.03
-0.02
-0.02
0.04

0.01
0.01
0.02
0.02
0
0.08
0.21
1.07

4.13 E-07
8.17 E-07
1.64 E-06
3.33 E-06
3.33 E-06
1.32 E-05
2.61 E-05
5.14 E-05

8.71 E-07
1.66 E-06
3.29 E-06
6.66 E-06
6.64 E-06
2.65 E-05
5.24 E-05
1.04 E-04

H/P
coadsorption
ratio
2.11
2.03
2.01
2.00
1.99
2.01
2.01
2.02

Sequential additions of P as KH2PO4to RO6 soil suspensions (soil solution ratio 1:10), initial pH = 4.38,
-1
+
soil pH buffering constant = 0.0157 ∆pH.(mMol OH.5g) . P and H sorbed are absolute values.
ID

RO 6i
RO 6i
RO 6i
RO 6i
RO 6i
RO 6i
RO 6i
RO 6i

pH after
equilibration

P initial
(mg/L)

ΔpH

P final
(mg/L)

P sorbed
(moles)

H+
sorbed

4.35
4.33
4.33
4.34
4.38
4.35
4.32
4.35

1.01
1.99
3.99
8.08
8.08
32.10
63.51
125.56

-0.03
-0.02
0.00
0.01
0.04
-0.03
-0.03
0.03

0.01
0.01
0.03
0.02
0
0.07
0.26
1.37

4.13 E-07
8.17 E-07
1.63 E-06
3.33 E-06
3.33 E-06
1.32 E-05
2.61 E-05
5.12 E-05

8.62 E-07
1.66 E-06
3.29 E-06
6.66 E-06
6.63 E-06
2.65 E-05
5.24 E-05
1.04 E-04
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ratio
2.09
2.03
2.02
2.00
1.99
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2.01
2.02
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Sequential additions of P as KH2PO4to RO10 soil suspensions (soil solution ratio 1:10), initial pH = 4.47,
-1
+
soil pH buffering constant = 0.0157 ∆pH.(mMol OH.5g) . P and H sorbed are absolute values.
ID

RO 10i
RO 10i
RO 10i
RO 10i
RO 10i
RO 10i
RO 10i
RO 10i

pH after
equilibration

P initial
(mg/L)

ΔpH

P final
(mg/L)

P sorbed
(moles)

H+
sorbed

4.44
4.42
4.41
4.44
4.45
4.42
4.40
4.43

1.01
1.99
3.99
4.00
8.08
32.10
63.51
125.56

-0.03
-0.02
-0.01
0.03
0.01
-0.03
-0.02
0.03

0.04
0.03
0.06
0.04
0.01
0.16
0.48
2.54

4.00 E-07
8.09 E-07
1.62 E-06
1.63 E-06
3.33 E-06
1.32 E-05
2.60 E-05
5.08 E-05

8.62 E-07
1.66 E-06
3.30 E-06
3.27 E-06
6.66 E-06
2.65 E-05
5.24 E-05
1.04 E-04

H/P
coadsorption
ratio
2.15
2.05
2.04
2.00
2.00
2.01
2.02
2.04

Sequential additions of P as KH2PO4to RO15 soil suspensions (soil solution ratio 1:10), initial pH = 4.53,
-1
+
soil pH buffering constant = 0.0157 ∆pH.(mMol OH.5g) . P and H sorbed are absolute values.
ID

RO 15i
RO 15i
RO 15i
RO 15i
RO 15i
RO 15i

pH after
equilibration

P initial
(mg/L)

ΔpH

P final
(mg/L)

P sorbed
(moles)

H+
sorbed

4.48
4.48
4.47
4.48
4.45
4.45

1.01
1.99
3.99
32.10
63.51
125.56

-0.05
0.00
-0.01
-0.03
-0.03
0.00

0.14
0.17
0.2
0.62
1.69
7.57

3.59 E-07
7.51 E-07
1.56 E-06
1.30 E-05
2.55 E-05
4.87 E-05

8.81 E-07
1.64 E-06
3.30 E-06
2.65 E-05
5.24 E-05
1.04 E-04
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2.11
2.04
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APPENDIX VII

Carbonate-Free KOH Preparation
Background: Preparing a saturated KOH solution will precipitate carbonate in solution
as K2CO3
Method:


Approximately 40 g of dry KOH pellets was weighed into a 200 mL beaker.



25 mL of fresh milli-Q was then added and the beaker quickly covered over
with parafilm.



The beaker contents were then stirred manually (an orbital shaker can also be
used) until no more KOH dissolved- there should be some excess remaining.



The parafilm cover was then pierced with a 10 mL pipette and a 10.00 mL
aliquot transferred into a 100 mL volumetric flask and made up to the mark.



The stock solution can then be diluted further as required for analysis.
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